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Throughout history, natural products have afforded a rich source of compounds that
have found many applications in the fields of pharmacology. In this context, Marine
Natural Products (MNPs) represent a unique rich source of new metabolites, with diverse
chemical structures, and various bioactivities and molecular characteristics adapted to
specific interactions with cellular targets. The huge diversity and potential bioactivity of
marine metabolites can serve as “lead” compounds for the discovery of modern drugs.
Thus, these products are attractive targets because they could be used to overcome the
challenge of treating a high number of diseases that affect human health.

This Special Issue has covered all fields of drugs research from marine natural products,
including their isolation and characterization, in vitro and/or in vivo study of their biologi-
cal activities, medicinal applications as well as synthetic approaches and related analogues.

In detail, two studies are reported in this Special Issue on the chemical characterization
and biological activity of alginate from two species of Sargassum; in particular, alginate was
investigated for wound-healing and antioxidant properties on a diabetic mouse model [1,2].
A third work reports the bioactivity-guided study of Aquimarina sp. with the identifica-
tion of diketopiperazines and N-Phenethylacetamide and their effect on TGF-B-induced
epithelial-mesenchymal transition [3].

Pharmacokinetic and drug metabolism tests are mandatory for expediting the progress
of compounds with promising properties from discovery to development phase. For this
purpose, a further manuscript is included about the investigation of a robust and fast
analytical method for the measurement of Sulfavant A, a prototype for a new class of
molecular adjuvants inspired by natural x-sulfoquinovosyl-diacylglycerols (x-SQDGs)
occurring in diatoms by Ultra High Performance Liquid Chromatography coupled with
High Resolution Mass Spectrometry (UHPLC-HRMS) [4].

As part of this Special Issue, two reviews about medicinal applications of natural
products from marine sources have been reported. In particular a minireview details the
potential applications of diatom-derived silica for the biomedical field [5]; finally, a review
describes the advances in purpurin 18 research as a promising anticancer drug [6].
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Abstract: A fast and sensitive method that is based on Ultra High Performance Liquid Chromatog-
raphy coupled with High Resolution Mass Spectrometry (UHPLC-HRMS) for the measurement of
Sulfavant A, a molecular adjuvant with a sulfolipid skeleton, is described. The method has been
validated over the linearity range of 2.5-2000 ngmL~! using a deuterated derivative (dzo-Sulfavant
A) as internal standard. Chromatographic separation is based on a UHPLC Kinetex® 2.6 um PS
C18 column and a gradient of methanol in 0.32 mM ammonium hydroxide solution buffered at
pH 8. The lowest limit of quantification of Sulfavant A was 6.5 ngmL~!. The analytical procedure
was tested on an extract of mice lung spiked with 30, 300, and 1500 ng of Sulfavant A. The analysis
revealed a precision and accuracy value (as a mean value of all the quality control samples analyzed)
of 4.7% and 96% in MeOH and 6.4% and 93.4% in the lung extracts, respectively.

Keywords: sulfavant; sulfoquinovosyldiacylglycerols; sulfoglycolipids; mass spectrometry; UHPLC-
MS; lipids

1. Introduction

Sulfur-containing lipids and, in particular, sulfoquinovosyl-diacylglycerols (SQDGs)
have been proposed as factors in inflammation, immunity and infection. However, despite
their dissemination, fast and accurate ultra-performance liquid chromatography—-mass
spectrometry (UPLC-MS) or ultra high-performance liquid chromatography coupled with
mass spectrometry (UHPLC-MS) methods for their quantification are still scarce and
mostly focused on sulphate sterols [1-4] and sulfatides [5-7]. Most of the lipid analysis,
also containing sulfolipids, as reported in the literature, are based on a shotgun lipidomic
approach [2,3] or traditional reverse phase (RP) - HPLC columns usually associated with
complex mixtures of solvents used as eluents in order to obtain a good quality chro-
matogram [8].

In our ongoing drug discovery exploration for new active metabolites, we recently
reported the immunomodulatory activity of 1,2-O-distearoyl-3-O-3-D-sulfoquinovosylglycerol,
named Sulfavant A (1) (SULF A; Figure 1). SULF A is a synthetic glycolipid that is featured
by a sugar unit of sulfoquinovose. The molecule is the prototype for a new class of
molecular adjuvants inspired by natural a-sulfoquinovosyl-diacylglycerols (x-SQDGs)
occurring in photosynthetic organisms [9]. SULF A (1) triggers in vitro maturation of
dendritic cells, the master control of innate immune response, and in in vivo antigen-
specific immunization [10-15]. The initiation of a systemic immune response by the

Appl. Sci. 2021, 11, 1451. https://doi.org/10.3390/app11041451
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stimulation of innate immune cells correlates to adjuvanticity and Pattern Recognition
Receptors (PRR) - mediated signaling. SULF A is under preclinical trials as a vaccine
adjuvant and its efficacy has been already proven in a murine model of vaccine against
melanoma [9]. Interestingly, the product is not cytotoxic, but treated mice do not show
progress of the tumour for more than 10 days after subcutaneous injection of B16F10
melanoma cells.

e}

’éz\'/ OJK/W\/\/W\/\ Soé OdgsStearoy!
HO! HO% Od35St: |
HO O\/\/OT(\/\/\/\/\/\/\/\/ 5o O\)\/ 35Stearoyl

OH e} OH
1 2

Figure 1. Chemical structure of Sulfavant A (1) deuterated Sulfavant A (2).

In the present study, we seek a robust and fast analytical method for the quantification
of SULF A in biofluids and tissues during preclinical studies. To this aim, we report the
implementation of a novel Ultra High-Performance Liquid Chromatography-High Reso-
lution Mass Spectrometry (UHPLC-HRMS) method, together with the use of deuterated
Sulfavant A (d79-SULF A) (2) as internal standard (IS).

2. Materials and Methods
2.1. Chemicals and Reagents

SULF A (1) was prepared, as reported by Manzo et al. [9,10] and purified by HPLC
before the analysis. The compound was eluted from a Phenomenex Phenl-Hexyl column
(250 x 10 mm, 5 pm) in isocratic conditions using MeOH/H,O 87:13 for 20 min. and the sol-
vent was removed by evaporation under reduced pressure. Chromatographic purification
of synthetic lipids was carried out by a JASCO system (PU-2089 Plus quaternary gradient
pump) that was equipped with a MD-2018 Plus photodiode array detector (JASCO Europe
Srl, Cremella, Italy) and Sedex 85 high-sensitivity LT-ELS detector (SEDERE, Alfortville,
Paris, France). The purity of 1 was verified by 'H NMR and LCMS.

UHPLC-HRESIMS analysis was performed on Q-Exactive hybrid quadrupole-orbitrap
mass spectrometer (Thermo Scientific, Waltham, MA, USA) that was equipped with an
Infinity 1290 UHPLC System (Agilent Technologies, Santa Clara, CA, USA). Methanol,
water, and 25% ammonium hydroxide solution were all LC/MS grade. The chemical
solvent and reagents were purchased from Merck Life Science S.r.l. (Milano, Italy).

2.2. Synthetic Strategy of d7o-Sulfavant A

The synthesis of d79-SULF A was achieved by the ameliorated synthetic procedure for
SULF A of Manzo et al. [10], which was adapted to the preparation of the analog totally
deuterated on acyl portions; in detail, as compared to the literature procedure, deuterated
stearic acid was used for the acylation of the 2’ 3’ 4’ 6/-O-tetracetyl-B-glucosyl-R / S-glycerol
intermediate (Figure 2) [10,14,15]. Similarly to SULF A, compound 2 was purified by HPLC
prior to use as an internal standard using the same experimental conditions.

2.3. Ultra-High-Performance Liquid Chromatography/High Resolution Mass Spectrometry
(UHPLC/HRMS)

Chromatographic separations were achieved on UHPLC Kinetex® 2.6 um PS C18 100 A,
LC Column 30 x 2.1 mm (Phenomenex, Italy), at 28 °C by a gradient elution of 0.32 mM
ammonium hydroxide solution (0.005%), adjusted to pH 8.0 by acetic acid, and methanol
(MeOH). Table 1 reports UHPLC gradient details. The flow rate was 0.5 mL min~—!. The in-
jection volume was 4 uL, and the autosampler was maintained at 10 °C. MS analyses were
carried out in electrospray ionization (ESI) negative mode with source parameters, as fol-
lows: spray voltage of 3.0 kV, capillary temperature of 320 °C, S-lens RF level of 60, sheath
gas flow rate of 50, and auxiliary gas flow rate of 30. Full MS scans were acquired over the
range of 150-1800 Da with a mass resolution of 70,000. The target value (Automatic Gain
Control-AGC) was 1 x 10° and the maximum allowed accumulation time (IT) was 100 ms.
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For the data-dependent MS/MS (ddMS2) analyses, the peaks of interest were selected and
fragmented with a stepped normalized energy of 2040 eV. AGC was 1 x 10° with IT 75 ms
and 17, 500 mass resolution.

OH OAc OAc OAc

HO! O AcOﬁM . AcO/ﬁg\W AcO o
Ho/éN”OH AcO Ohc AcO oH AOS=T
OH OAc OAc cLBiReo
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Figure 2. Chemical synthesis of deuterated Sulfavant A.

Table 1. Gradient program of the Ultra High Performance Liquid Chromatography (UHPLC) method.

Time (min) Mobile Phase A (%) ? Mobile Phase B (%) ©
0 85 15
1 85 15
6 98 2
8 100 0
10 100 0
11 85 15
15 85 15

2 methanol ® 0.32 mM ammonium hydroxide water solution (pH 8.0).

2.4. Standard Preparation and Stock Solution

SULF A and dy(-SULF A were dissolved in methanol to obtain stocks solutions at a
concentration of 100 pg mL~! stored at —20 °C; the dissolution was performed by son-
icating for 30 min. at 30 °C. These two solutions were used to evaluate the linearity,
calibration curve, limit of detection, and matrix effect. The evaluation of the above parame-
ters is based on chromatograms of SULF A (Cy45Hg50125~; m/z 849.57672) and d7-SULF A
(C45D79H1 1501257 ; m/z 920.01609) that were obtained as base peak extraction at 11/z 849.576
and 920.016, respectively, with a mass tolerance of 5 ppm (Figure 3).
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Figure 3. Chromatograms of dyp-Sulfavant A (a) and Sulfavant A (b) as base peak extraction at ,/z 920.016 and 849.576

respectively, applying a mass tolerance of 5 ppm.

Time (min)

(b)

2.5. Calibration Curve, Linearity and Detection and Quantitation Limits (LOD and LOQ)

Before the analysis, the stock solution was sonicated for 30 min. at 30 °C The cali-
bration curve was obtained by spiking increasing concentrations of standard solution at
1, 2.5, 5,10, 50, 100, 500, 1000, and 2000 ngmL_l. The average of three measurements
was used for building up the calibration curve. The linearity of the calibration curve was
also verified in the lipid extract matrix. Visual definition and the approach based on the
“Standard Deviation of the Response and the Slope” (LOD =30/S; LOQ = 100/S) was used
in order to establish detection and quantitation limit [16].

2.6. Method Validation: Intra-and Inter-Day Accuracy and Precision

Three quality control (QC) samples of SULF A were prepared to validate the method:
low-concentration (30 ng1nL*1), medium-concentration (300 ngmL*l), and high-concentration
(1500 ngmL ™). Validation for intra-day and inter-day assay accuracy and precision was
assessed on three independent days while using a triplicate of three QC. Each batch of
runs comprised mobile phase blanks, calibrators (eight samples spanning the range of
2.5-2000 ngmL~!), and quality control samples. Intra-day and inter-day accuracy and pre-
cision were determined by obtaining the mean concentration of the quality control samples
from the calibration curve and the percent accuracy and coefficient of variation. The pre-
cision was expressed as a coefficient of variation [CV = (standard deviation/measured
mean concentration) x 100], while the accuracy was expressed as [measured mean con-
centration/nominal concentration] x 100. The overall method accuracy and precision
were determined by calculating the mean of accuracy and mean of the precision estimates,
respectively, of all the quality control samples.

2.7. Evaluation of Matrix Effect on Mice Lung Extracts

The matrix effect (ME) was assessed on mice lung tissue post-extraction. Lipid extracts
were achieved from five different frozen samples by homogenization of the tissues in
MeOH (300 puL) at 12 °C for 2 min. and then following with MTBE extraction [17]. In detalil,
1000 uL of MTBE were added to the samples and then left to mix for 5 min. Later, 250 uL.
of Milli-Q water was added and mixed again for 2 min. Subsequently, to induce the phase
separation, the sample was centrifuged at 1000 g for 10 min. at 4 °C and the upper organic
phase was recovered. Finally, the aqueous phase was re-extracted with MTBE, the upper
phases combined, and the organic solvent removed under nitrogen stream. Each extract
was weighted and resuspended in MeOH:CH,Cl, (4:1) and then diluted with MeOH for
LC/MS analysis.

Three different concentrations of SULF A (30, 300, and 1500 ngmL’l) were spiked
into 50 pg mL~7 of lipid extracts, together with 50 ngmL*1 of IS (d79-SULF A), in order
to evaluate normalized matrix effect (nME). Each concentration was compared with the

6
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corresponding solution in pure MeOH. When considering peak area as instrument response,
the percentage of nME was calculated, as reported in [18]:

nME% = [(Asolvent/lssolvent)/(Amatrix/ISmatrix) - 1] x 100

in which Agojyvent = peak area of the analyte SULF A in MeOH; A.uix = peak area of the
analyte SULF A in the post-extraction spiked matrix; IS so}yent = peak area of the Internal
Standard dy)-SULF A in MeOH; and, IS ,aix = peak area of the Internal Standard dy-SULF
A in the post-extraction spiked matrix.

Moreover, standards solutions at 2.5, 5, 10, 50, 100, 500, 1000, and 2000 ngmL” were
also prepared in matrix (50 ug mL~! of mice lung lipid extract) in order to evaluate whether
the matrix effect (ME) affected the slope of the calibration curve. The average of three
measurements was used. Chromatograms of SULF A and dy-SULF A (as in MeOH) were
obtained as base peak extraction at /z 849.576 and 920.016, respectively, applying a mass
tolerance of 5 ppm.

3. Results and Discussion
3.1. Synthesis and Preparation of dyo-Sulfavant A

The synthesis of d7p-SULF A was achieved by the ameliorated synthetic strategy of
Manzo et al. [10], which was adapted to the preparation of the analog with deuterated fatty
acids (Figure 2). In detail, the procedure started with acetylation of D-glucose, followed by
selective anomeric deacetylation by benzylamine. Coupling with 1,2-O-isopropylidene glyc-
erol by trichloroacetimidate methodology [14,15,19,20] gave 3-O-(2/,3' 4’,6/-tetra-acetyl)-
B-D-glucosyl-glycerol that was condensed with dss-stearic acid in order to obtain the
intermediate 1,2-O-d7o-distearoyl-3-O-B-D-glucosyl glycerol. The sulfonation of the 6'-
carbon through an iodinate derivative in agreement with Manzo et al. [10] was performed
to finally obtain d7,-SULF A after the last hydrazinolysis step.

3.2. Method Development

Many of the studies of ultra- and ultra-high-performance liquid chromatography-mass
spectrometry (UPLC- and UHPLC-MS) methods have addressed analysis of lipids [17,21].
However, no specific method for sulfoglycolipids has been reported so far.

UHPLC Kinetex® PS C18 column is a reversed-phase product that is recommended
by the manufacturer for the analysis of polar compounds and weakly acidic compounds.
We tested several eluting conditions with gradients of methanol with aqueous buffers at
different pH and temperatures to optimize the chromatographic result for SULF A and
d7p-SULF A. The best result in terms of sensitivity, shape of the peak and retention time
was obtained with a short gradient (run time 10 min.) of increasing amount of methanol
in 0.32 mM ammonium hydroxide solution (0.005%), adjusted to pH 8.0 by acetic acid,
at 28 °C. Deuterated analogue of SULF A (2), synthesized in-house, was also used during
the tests as internal standard (IS). Figure 3 shows chromatograms obtained by base peak
extraction of SULF A (analyte) and dy-SULF A (IS). The IS and the analyte eluted with a
slightly different retention time due to the isotope effect at 2.9 and 3.0 min., respectively.
The quantitation (LOQ) and detection (LOD) limits were 6.5 ngmL*l and 1.9 ngmLfl,
respectively, both established in methanol.

3.3. Linearity, Accuracy, Precision and Matrix Effect

The liquid chromatography-mass spectrometry (LC-MS) method was validated for
linearity and by an evaluation of intra-and inter-day precision and accuracy in accordance
with the currently-approved EMEA and FDA guidelines for the validation of bioanalytical
methods [22,23]. Moreover, with the aim to demonstrate the consistency and robustness
for the analysis of biological samples, we also tested the above-mentioned parameters in
five different replicates of lipid extracts derived from mice lung tissues.

Samples of SULF A and d;p-SULF A were tested in triplicates between 1 and 2000 ngmL .
The resulting calibration curve was found to be linear in the concentration range between
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2.5 and 2000 ngmL !, as shown in Figure 4. Analogously, SULF A and d7-SULF A were
spiked at the maximum concentration into MeOH and in a lipid extract of mice lung in
MeOH in order to evaluate matrix effect (one of the five extracts available). Samples of the
two calibration curves (in pure MeOH and in matrix) were carried out by dilution from
the more concentrated solution. Table 2 outlines the slope values and R? parameters of the
calibration curves acquired at different days (T0 and T48). The R? was found to be 0.999 and
stable during the days (slight differences in the slope could be appointed to the variability
linked to the instrument response). The difference in the mean ordinate between SULF A
and dy-SULF A is in agreement with the isotope effect that can cause a different degree of
ion suppression. However, although the ionization and chromatographic response was not
identical, the peak area ratio of the analyte versus the IS was constant over the range of
tested concentrations, with a correlation coefficient (r2) that is always higher than 0.9991.
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Figure 4. Calibration curve of dzp-Sulfavant A (a) and Sulfavant A (b).

Table 2. Calibration curve of dyy-Sulfavant A and Sulfavant A at TO and T48, both in MeOH and in matrix.

TO T48
MeOH Matrix MeOH Matrix
SULF A y = 40229x y = 47981x y = 50537x y = 46508x
R? =0.9996 R? =0.9997 R? =0.9991 R? =0.9993
~ y = 23689x y = 24546x y = 28250x y = 24185x
dro-SULF A R? = 0.9998 R? =0.9991 R2=1 R? = 0.9996

The matrix effect (ME) is one of the most important parameters to investigate during
the development of an analytical method. In order to evaluate the ME, five mice lung lipid
extracts were aliquoted and spiked with three different quantities (30, 300, and 1500 ng)
of SULF A (Figure 5), while the same known amount of d;-SULF A (50 ng per sample)
as IS was added to compare the area of the analyte in matrix with the area measured
in pure MeOH (normalized matrix effect-nME). A higher CV was observed for the high
concentrations in comparisons with the low ones, as can be seen in Table 3. However, all of
the datasets (intra- and inter-day) passed the 15% acceptance criterion, with an overall
nME average of 10%. This finding was the first evidence of the robustness of the proposed
analytical procedure.
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Figure 5. Chromatograms and mass spectrum acquired at 3 min. of pure matrix extract (A), matrix spiked with 300 ng (B)

and 1500 ng (C) of Sulfavant A. Chromatograms were obtained as #1/z mass range between 400 and 1200.

Table 3. Accuracy and precision of quality control (QC) samples of Sulfavant A during intra-day and inter-day analysis.

SULF A in MeOH

Nominal Concentration (ngmL~7) Mean £+ SD ? Accuracy (%) P Precision (CV %) ¢
30 278422 92.6 8.0
T0 300 3150 £ 19.4 105 6.1
1500 1247.8 £ 69.2 84.2 55
T12 30 277 £1.14 92.4 4.1
(Intra-day) 300 3139 £17.6 104.6 5.6
1500 1265.2 £ 27.6 84.3 22
T4s 30 307+£15 102.2 49
(Inter-day) 300 327.7 +£16.3 109.2 5.0
1500 1353.6 4 15.0 90.2 1.1

SULF A in Matrix

Nominal Concentration (ngmL~1) Mean £ SD ? Accuracy (%) ? Precision (CV %) ¢
30 260+£22 86.6 8.6
To 300 283.1 £6.5 94.4 2.3
1500 1459.9 £ 79.7 97.3 5.4
T12 30 28.6 +2.0 95.2 7.1
(Intra-day) 300 2744 +16.6 91.5 6.1
1500 1457.3 + 84.1 97.1 58
Ta8 30 270£12 90.0 43
(Inter-day) 300 279.8 £22.0 93.3 7.9
1500 1432.5 + 46.2 95.5 10.2

2 8D = Standard Deviation P [Measured mean concentration/ nominal concentration] x 100. ¢ [Standard deviation/ measured mean

concentration] x 100.

This analytical method allowed for the detection of SULF A at nanomolar concentra-
tion (LOD was below 2.5 ngmL~!) with a LOQ of 6.5 ngmL ™, in both only MeOH and in
the presence of matrix. Indeed, at the LOD the analyte in the samples can be identified by
only HR-MS, but it cannot be quantitatively determined with appropriate precision and
accuracy, whereas, at starting from the calibration point at 5 ngmL !, the peak of SULF
A is also identifiable with MSMS and the signal appears to be defined and reproducible.
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Moreover, no carryover effect was detected during analysis of a blank sample after the
injection of a standard sample at the highest calibration point (2000 ngmL ™).

The reliability of this UHPLC-MS method was evaluated by measuring intra-day and
inter-day accuracy and precision (n = 3 in MeOH; n = 5 in matrix) of SULF A in quality
control (QC) samples at three different concentrations (30, 300, and 1500 ngmL’l). Table 3
reports the results in intra-day and inter-day accuracy and precision. The accuracy of QC
samples ranged from 84.2 to 109.2 %, and precision ranged from 1.1 to 10.2% (Table 3).
The overall assay accuracy (mean of accuracy estimates of all quality control samples)
was 96% in MeOH and 93.4% in matrix, and overall assay precision (mean of precision
estimates of all quality control samples) was 4.7% in MeOH and 6.4% in matrix.

Revalidation using two different batches of synthetic SULF A (namely, BS90A and
BS90A1) was carried out at the same concentrations in the range between 2.5 and 2000 ngmL*1
to further support the reliability of the method. The results showed an absolute repro-
ducibility of the analysis with two superimposable calibration curves (BS90A: y = 31579x,
R? = 0.9999; BS90A1: y = 31331x, R = 0.9999).

4. Conclusions

An UHPLC-MS analytical procedure of SULF A, a 1,2-O-distearoyl-3-O-f3-D-
sulfoquinovosylglycerol with promising therapeutic application as a molecular adjuvant,
was developed using a new deuterated analog (d7-SULF A) as an internal standard.
The method was realized on a high-resolution benchtop Q-Exactive spectrometer using
a UHPLC Kinetex® 2.6 pm PS C18 100 A, LC Column and a gradient elution with water
buffered at pH 8 and methanol. The sulfolipids (analyte and internal standard) were
quantified in negative ion mode and the calibration curve covers a concentration range
of 2.5-2000 ng mL~! with an LLOQ of 6.5 ng mL~!. The new method was validated
measuring the precision and accuracy on the quality control samples in the intra-day and
inter-day study and its robustness was proven by applying it on a sample matrix.

The efficacy of this analytical method is of general interest to study sulfoglycolipids
that are chemically correlated to SULF-A, and suggests that it could be extended for the
study of both the physiological and biological role of this class of compounds. Furthermore,
the short time of the UHPLC chromatographic analysis and sensitivity makes the procedure
adapt to analysis of large number of biological samples.

Pharmacokinetic and drug metabolism tests are mandatory for expediting the progress
of compounds with promising properties from discovery to development phase. Mass spec-
trometry is one of the key technologies in bioanalysis during preclinical and clinical
studies [24]. The presented LC-MS method has been designed to provide a mechanis-
tic understanding of the pharmacokinetics, pharmacodynamics, and toxicity of SULF-A.
The excellent results in accuracy, sensitivity and reproducibility indicate that the analytical
protocol can be utilized in pharmacological and translational research on this negatively-
charged lipid, providing accurate results with a high value for further decisions in the
drug development.
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Abstract: Diatoms are unicellular eukaryotic microalgae widely distributed in aquatic environments,
possessing a porous silica cell wall known as frustule. Diatom frustules are considered as a sustainable
source for several industrial applications because of their high biocompatibility and the easiness
of surface functionalisation, which make frustules suitable for regenerative medicine and as drug
carriers. Frustules are made of hydrated silica, and can be extracted and purified both from living
and fossil diatoms using acid treatments or high temperatures. Biosilica frustules have proved
to be suitable for biomedical applications, but, unfortunately, they are not officially recognised
as safe by governmental food and medical agencies yet. In the present review, we highlight the
frustule formation process, the most common purification techniques, as well as advantages and
bottlenecks related to the employment of diatom-derived silica for medical purposes, suggesting
possible solutions for a large-scale biosilica production.

Keywords: biosilica; diatom frustule; sustainable production; drug delivery

1. Introduction

Diatoms are an extremely diverse group of algae, comprising more than 100,000 differ-
ent species [1]. They are able to colonise a large plethora of aquatic environments, and play
a significant role on a global scale in the biogeochemical cycles of carbon and silicon in the
water column. Two diatom species, Thalassiosira pseudonana and Phaeodactylum tricornutum,
have been employed as model species for studies of gene expression and regulation, since
they were the first species for which the whole genome was fully sequenced [2,3]. Sub-
sequently, genomes have been sequenced from a number of diatoms possessing specific
metabolic or physiological features, such as oleaginous (Fistulifera solaris), psicrophylic
(Fragilariopsis cylindrus), araphid (Synedra acus subsp. radians), oceanic (Thalassiosira ocean-
ica), biofilm-forming (Seminavis robusta), and heterotrophic (Nitzschia sp.) species [4-9].
Apart from their ecological role, diatoms are also suitable for several biotechnological
applications. They can be cultured in the laboratory under sterile conditions and con-
trolled temperatures, light irradiance and nutrient concentrations in order to achieve faster
growth rates and to promote the accumulation of specialty products. Diatoms have been
employed during the last decades for the production of metabolites exhibiting different
biological activities and used as sources for cosmetic ingredients [10], food or feed sup-
plements [11-13], fertilizers [14], and sorbents or accumulators for the bioremediation of
aquatic environments [15,16]. Microalgae other than diatoms, especially freshwater green
algae, also exhibit a great potential in one or more of the abovementioned fields of research.

The true distinctive feature that makes diatoms more suitable than other taxa for
biotechnological purposes, is the high proportion of amorphous silica within their cell wall.
This natural source of silicon has already shown several advantages, such as its high surface
area and biocompatibility, and can be employed for various research fields, especially for
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biomedical applications after in vitro or in vivo treatments [17]. Diatom-derived silica is
also available in huge amounts in aquatic benthic environments, as a consequence of the
sedimentation of dead diatom cells.

Currently, diatom biosilica is considered as a suitable biomaterial for metal removal
from aquatic environments, as a catalyst support, in optical devices, as a microsensor, and
other kinds of applications [18,19]. Since its presence on the market as a device for aquatic
remediation and as food-grade products is a pledge of its effectiveness in these fields,
the present review is mainly focused on evaluating the potential of diatom biosilica for
biomedical applications.

Diatom biosilica is actually exploited, indeed, for its potential as a drug carrier [20]
and as a scaffold for bone tissue regeneration [21]. Biosilica-based processes can be consid-
ered as low-cost and environmentally friendly alternatives to processes based on artificial
structures. While the production of synthetic materials requires the implementation of
specific protocols, biosilica carries the advantage of triggering natural and sophisticated
structure formation. For example, the employment of diatom-derived biosilica for the
development of optical sensors may turn out to be, in the future, more attractive than
using synthetic crystals, since it allows control and manipulation of light in a cost-effective
way [22]. Biotemplated-based silica can be synthesized by rapid environmentally sustain-
able methods (solvent-free procedures), thus avoiding the use of hazardous chemicals, and
allowing a good control of condensation rates [23].

In the last years, the effectiveness of living or fossil diatom-derived silica for biomedi-
cal applications (drug loadings, bone tissue regeneration) has been largely investigated
by various research groups, and at least four recent reviews clearly summarize the most
relevant studies [18,24-26]. In the present review, we pinpoint the major advantages and
bottlenecks related to the employment of diatom silica sources. To this aim, we list ex-
amples of diatom-based systems that revealed satisfactory results in the laboratory and
might be suitable for scale-up in industrial applications, and the few drawbacks that hin-
der the use of diatom-derived biosilica as a medical device. We critically compared the
effectiveness of diatoms silica sources for drug delivery with respect to other biological and
non-biological sources. This review also describes the process of frustule formation, the
main techniques of silicon purification, and possible solutions to pave the way to silicon
production on an industrial scale.

2. Silicon Capture from the Environment, Transport and Storage, Frustule Formation

In contrast with nitrogen and phosphorus metabolisms, silicon uptake in diatoms is
linked with aerobic respiration rather than being strictly related to photosynthesis [27].
Silicon is mainly found in aquatic environments as Si(OH),, and is usually transformed
into solid SiO; or other siliceous composites in the presence of organic substances, through
condensation reactions [28]. It can enter cells by diffusion across their membranes; never-
theless, at very low concentrations of silicic acid in the surrounding environment, the cells
activate silicon transporters that facilitate the uptake [29]. The genes coding for silicic acid
transporters (SITs) were isolated and characterized from the marine diatom Cylindrotheca
fusiformis several years ago [30,31] and, recently, in the freshwater species Synedra ulna
subsp. danica [32]. The SITs specifically transport silicic and germanic acids through the
lipid bilayer [33]. Studies performed on C. fusiformis revealed that ten transmembrane
segments allow the passage of silicic acid through the lipid bilayer membrane, and chemical
recognition is likely based on amino acids (Figure 1). The extent of frustule silicification
depends on the rate of silicon uptake that is driven, in turn, by both the availability of the
substrate and the expression levels of the SIT genes [30]. Five distinct clades have been
identified for SIT genes in diatoms. The presence of genes from distinct clades within the
same diatom species is likely to reflect different responses to changes in silicon availability
and environmental conditions [34].
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cc

Figure 1. Silicic acid transporters (SITs) in Cylindrotheca fusiformis. SITs contain 10 transmembrane
segments (white cylinders), which allow the passage of silicic acid through the lipid bilayer mem-
brane; an intracellular amino-terminal segment (INS); and an intracellular carboxy segment (ICS)
connected to a coiled-coil motif (CC), which may play a role in the interactions with other proteins.
Pluses (+) and minuses (-) indicate the position of positively and negatively charged amino acids,
respectively. A major role in silicon uptake is likely played by cysteine residues (C) because of their
sulfhydryl blocking agents. Figure redrawn from [31].

Intracellular pools of silicic acid can reach concentrations well beyond the saturation
limit (2 mM), and this is likely due to complexation by organic compounds that prevents
polymerization. The extent of the internal pools is both species-specific [35] and dependent
upon environmental conditions [36]. When silicon deposition and uptake are imbalanced
and internal pool tends to increase, a concentration gradient determines the efflux of the
“unbound” silicon fraction outside the cell membrane [37].

The diatom cell wall has a Petri dish-like structure, with an upper part, known as
epitheca, overlapping the smaller lower part, named hypotheca (Figure 2). Both epitheca
and hypotheca consist, in turn, of valves and siliceous girdle bands, which confer an
ordered structure to the frustule. Diatom frustule is a composite made of biogenic silica,
carbohydrates and glycoproteins [31].

A B

Raphe

Figure 2. Schematic representation of the cell wall structure of a centric diatom. (A) Dark-blue disks
represent valves. The upper and larger part is the epytheca (e), the lower and narrower one is the
hypotheca (h). Girdle bands (gbs) are indicated by arrows. Ligulas (L) are the bell-shaped structures
within girdle bands. (B) Diagram of a pennate diatom showing the central nodule (CN) and the
raphe on the upper valve. Figure from [38].
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Frustule formation occurs through the polymerization of silicic acid in specific com-
partments, namely, the silica deposition vesicles (SDV), associated to the membrane sili-
calemma [39,40]. Silicalemma contributes to silicification through both the regulation and
recognition of membrane-associated compounds, as well as the formation of a suitable
microenvironment for polymerization.

SDVs in diatoms are formed inside the plasma membrane during cell division [41].
During valve formation, the SDVs rapidly expand and their movement is driven by the
cytoskeleton [42].

The following several frustule-associated proteins are involved in the formation of
the diatom cell wall: frustulins, pleuralins, cingulins, silacidins and silaffins. Aside from
proteins, long-chain polyamines, which are constituents of diatom biosilica, are likely
involved in silica biogenesis [43].

The following three main levels of cell wall structure organization have been found:
(1) microscale, the largest one that determines the outline shape of the valve or girdle band;
(2) the mesoscale, at which organized substructures are formed within the SDV; and (3) the
nanoscale, which comprises the first products of polymerization and generates different
frustule structures/textures of nanometric dimensions ([38] and references therein).

3. Diatom Biosilica Sources

Diatom-derived silica can be obtained either from living cultures or fossil diatoms
(diatomite, e.g., chalky deposits of skeletal remains). The energy required for diatom
growth is sustained by either led-based (i.e., low energy demanding) artificial light or
sunlight. Furthermore, the nutrients required for algal growth, such as nitrates, phosphates,
silicates, vitamins, and some trace elements, can be purchased for a relatively cheap price or
even obtained from wastewaters. To avoid both the costs of artificial illumination and the
seasonal variability of sunlight, cells can also be grown heterotrophically [44-47], although
organic substrates are to be supplied in this case. However, only a small number of
species are able to grow in the dark [48,49], and organic compounds can promote bacterial
growth leading to culture contaminations and to a decrease in cell growth. Biosilica
is obtained after cell dewatering (i.e., centrifugation or filtration of the whole culture),
followed by a purification process that is usually based on treatments with strong acids
and/or high temperatures (see below). Besides, the limited motility of diatoms (due to the
lack of flagella) and the “heavy” cell wall (due to the presence of a high silicon amount)
enhance the spontaneous sinking of cells, limiting the volume to harvest and, thus, costs of
biomass collection.

Diatoms generally exhibit fast growth rates and high lipid and biomass productiv-
ities, [50] which can be further enhanced by tuning growth conditions [51,52], making
diatoms promising candidates for mass culturing. However, to the best of our knowledge,
no diatom-based industrial plants (i.e., indoor or outdoor systems of algal culturing) are
focusing on biosilica production as their main activity. Follow-up studies are thus required
to lay the foundations for the industrial production of silica-based biomaterials.

The most abundant source of biosilica that does not foresee the induction of living
cultures is diatomite, which can be easily crushed into a fine powder to become a mar-
ketable product, namely, diatomaceous earth (DE). Diatomite is made of frustules of dead
diatom cells, usually found in benthic environments. The harvesting of fossil frustules,
which are naturally present in benthic environments, is cost-effective and makes diatomite
a promising starter for the industrial production of biosilica. However, the composition of
DE is variable and the purity is often lower than that of living culture-derived frustules.
The quality and abundance of these impurities vary upon environmental and aging condi-
tions [18]. DE, generally made of ca. 80-90% of silicon and of clay minerals [53], is used
as a raw material for different kinds of applications, such as agricultural fertiliser, sorbent
for pollutants, and filler in plastics and paints to improve the strength of construction
materials. In addition, DE is also employed to filter impurities and as an abrasive agent in
cleaning and polishing products.
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4. Frustule Cleaning/Purification: Main Techniques and Technical Issues

Frustules can be thus purified from both living culture-derived algal biomass and
diatomite stocks. The impurities of diatom frustules mainly consist of organic matters
adhered to their surface [54]. In the case of diatomite samples, impurities are present in
larger amounts, and can vary in relation to the local environment and aging conditions
of these natural stocks [18]. Diatomite impurities typically contain also clay and metallic
oxides, such as aluminium and ferric oxides [55]. Before cleaning procedures, diatomite
particles usually undergo a first step of pulverization, in which micrometric powder is
grinded to nanoparticles by mechanical crushing and sonication. However, apart from a
few exceptions, most studies report purification protocols based on raw material derived
from living cultures rather than diatomite, which is currently the only diatomic silica-based
marketable product.

Organic impurities can be removed from the silica frustule by either a chemical
pre-treatment with acids or other oxidative agents, or by exposing the frustules to high tem-
peratures. Some studies, aimed at assessing the efficacy of preliminary hydrochloric acid
treatments for organic mass removal, showed that acid concentration greatly influenced
both the removal rate of impurities and the state of preservation of the frustule shape,
with strong acidic pre-treatments causing frustule erosion [56]. Potassium permanganate
can be also used to pre-treat frustules for organic compound removal [57,58]. However,
this procedure is essentially limited to remove impurities outside the frustule, and pre-
treatments with acidic solutions are usually applied (even if they are not mandatory) when
purification protocols do not foresee acid-based cleaning procedures, such as baking-based
purifications [59]. Some preliminary oxidations with acid solutions do not exclude the em-
ployment of both acids and high temperatures. Treatment of diatom frustules with sodium
permanganate and oxalic acid, for example, is followed by perchloric acid treatments at
100 °C [57].

Baking (i.e., strong heating of silica cell walls) of diatom frustules at 400-800 °C is
the simplest and least expensive method to remove organic components. However, high-
temperature treatments can alter diatom architecture and pore size [60]. Oxygen plasma
etching, a procedure consisting of the removal of impurities using ionised gases, was found
to be effective to preserve the frustule structure, with a negligible loss of material and
without shape alterations [61,62].

The most commonly used procedure for the removal of organic matter and the pu-
rification of diatom biosilica is, however, an oxidative washing treatment. Some protocols
require the use of 30% [54,63-67] or 15% [68] hydrogen peroxide solutions.

The most common washing solvents used in acid-based treatments of diatom frustules
are sulphuric [69,70] and nitric [68,71] acids. Sulphuric acid treatment is rapid (10-30 min)
and revealed successful even on small amounts of biosilica [55]. Despite the rapidity of this
strong acid-based method, cleaning procedures are time-consuming, since several washes
with distilled /deionised water are required for a complete acid removal. However, the
effect of acid strength needs to be evaluated in each case, since silica nanostructures can
be damaged by the action of acids. For example, frustules from poorly silicified diatom
species can be dissolved in strong acid cleaning solutions [70].

To improve the efficiency of biosilica purification, Wang and co-workers [72] set up a
vacuum cleaning method in which all the cleaning steps, which are cell extraction, acid
treatment and washing, are carried out on polytetrafluoroethylene (PTFE) filter cloths,
thus decreasing the processing time. This allows the recycling of the sulphuric acid
used for cleaning, decreasing the amount of both the reagent needed for purification
and the liquid wastes. The main drawback of the vacuum cleaning method is that it
depends on the mechanical properties of the raw material, and cannot be applied on poorly
silicified diatoms.

Some purification methods combine the use of both sulphuric acid and hydrogen perox-
ide in a strong oxidizing agent (2 M H,SOy4, 10% H,0O,) called Piranha solution [26,73]. The
purification process is relatively fast, while post-treatment washes can be time-consuming.
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The removal of Piranha solution requires, indeed, an overnight treatment with HCI (5 M,
80 °C) and two further washes with distilled water to eliminate the HCI residuals [20]. The
main treatments for frustule separations, the tested diatom silica sources, and the main
bottlenecks of each cleaning technique are summarized in Table 1.

Table 1. Pre-treatments and treatments for diatom frustule cleaning and their main advantages and drawbacks.

Principle for Organic

Diatom Silica

Treatment Matter Removal Diatom Species Source Advantages Drawbacks Reference(s)
Nitzschia ) . ) possible frustule
HC1 oxidizing washin closterium, freeze-dried high purity of erosion [56]
& s Thalassios: samples frustules depending on
halassiosira sp. :
acid strength
Fragilariopsis
cylindrus,
Fragilariopsis
kerguelensis,
Pre-treatments Pseudonitzschia
seriata, wet pellets removal of the
KMnOy + g . Thalassiosira washed with no frustule
CH0. oxidizing washing nordenskioeldii, sodium lauryl erosion only _extemal (57,581
2H>04 Kloelalt, Y atter
Thalassiosira sulfate organic ma
aestivalis,
Thalassiosira
pseudonana,
Thalassiosira
weissflogii
possible
APS- o alteratiups of
. . . fuctionalised reduction in pore size,
baking high temperature Navicula sp. diatoms on a hazardous possible [60]
mika surface chemicals post-treatments
with acid
solutions
unsuitable for
Navicula, desalted drops of saltwater species,
low-temperature ionised gas Amphora, cultures, no frustule expensive, [61,62]
plasma ashing 8 Cocconeis, freeze-dried dissolution post-treatments !
Planothidium spp. samples with hazardous
chemicals
DE, Ni tzschia
Sfrustulum, long incubation,
Pinnularia and y high-
Coscinodiscus (;{:::‘th:(dir?:g less dangerous temperature
H,0, oxidation spp., 1 . gerou post-treatments [54,62-67]
Thalassiosira cultures, d]atom than strong acids needful to
Treatments pseudonanu, composites increase
Cylindrotheca efficiency
closterium
hazardous
Thalassiosira . . . chemicals,
§ I rotula, . . high efficiency in dissolution of
H,S0,4 strong oxidation Coscinodiscus living cultures organic matter thin frustules, [69,70]
wailesii removal time-consuming
post treatments
Nitzschia,
H,SO, + PTFE strong oxidation Ditylum, living cultures reduced acid unsuitable for [72]
filters under vacuum Skeletonema, on a filter cloth amounts thin frustules
Coscinodiscs
high-
Pinnularia sp., high efficiency in tf:gii:\aeﬁ;e
HNO; strong oxidation Coscinodiscus harvested cells organic matter needful to [68,71]
concinnus removal .
increase
efficiency
Piranha solution R Thalassiosira high efficiency in time-consuming
strong oxidation PBS-washed cells organic matter [73]
(H2S04 + H202) pseudonana removal post-treatments

5. Silica for Biomedical Applications: Advantages

The main benefits of biosilica for biomedical purposes are as follows: plasticity of
frustules for functionalization, biocompatibility, possibility of genetic transformation of
living cultures for protein immobilization, and high availability of silica-derived diatoms.
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The biosilica derived from diatoms requires cheap synthesis processes [26], and is also
characterised by chemical inertness, low or null toxicity, thermal stability and high avail-
ability [18]. Silica has been widely investigated in drug delivery systems because of its
high robustness and versatility compared to other materials [74], and frustules derived
from both living cultures and diatomite particles have successfully been employed as drug
carriers [73,75].

5.1. Surface Functionalization for Drug Loading and for Biosensing Chips for
Biomedical Applications

Frustule functionalization consists of modifying its surface to enable the formation of
stable covalent bonds with proteins or DNA [26,76], by introducing chemically reactive
species functioning as cross-linkers. This step is crucial to improve the quality of the
resulting material for specific applications. Chemical modification of biosilica can be
critical, for example, to regulate the kinetics of drug release, and the high surface-to-
volume ratio makes this raw material particularly suitable for drug delivery. Diatom
frustules are characterized by precise and species-specific cell morphologies, and both the
size and shape can highly differ among distinct diatom taxa. It has been estimated that the
surface area ranges between 1.4 and 51 m? g1 [77-80]. The size and the architecture of the
pores are likely to influence drug release [75].

Drug release in biosilica-based systems is usually characterized by the following two
phases: a first phase of fast release, due to the detachment of drug molecules weakly bound
to the frustule surface, and a slow releasing phase, due to drug delivery from the internal
pore structure of diatom frustules [81]. Chemical modifications of diatom-derived biosilica
allow their use as a carrier of both soluble and insoluble drugs.

The effectiveness of DEs as delivery systems for the drugs gentamicin (soluble) and
indomethacin (insoluble) was demonstrated in previous studies [67], in which DE was
modified with a self-assembling monolayer (SAM) including organosilanes and phosphonic
acids, thus rendering the diatom frustules hydrophilic or hydrophobic, respectively, before
drug loading. A sustained release of indomethacin, which has been exploited as a model
drug for silica-based devices, was also demonstrated with DE particles functionalised
by dopamine-modified iron oxide nanoparticles (DOPA /Fe30, nanoparticles). Diatom-
derived silica was employed, in this case, as a magnetically guided micro-carrier for
drug delivery, since dopamine amino groups on the diatom surface allow the attachment
of targeting biomolecules [78]. Another kind of functionalization can be obtained by
combining the frustule with graphene oxide (GO) sheets through covalent bindings. These
nano-hybrid composites are suitable drug microcarriers. GO sheets enhanced, indeed,
drug-surface interactions, improving the kinetics of drug release [82].

Silica functionalization was also used to counteract cancer progression, through the
delivery of water-insoluble antitumor drugs. A recent study showed that DE particles
coated with vitamin B12 allowed better delivery of cisplatin and 5-fluorouracil (5-FU),
two anticancer agents effective against colorectal cancer cells [83]. Silicon nanoparticles
(SiNPs) were also functionalized with 5-FU and the chemopreventive agent curcumin,
and then encapsulated into acid-resistant microspheres to show the effectiveness of oral
administration of these chemotherapeutics against colorectal cancer [84].

DE particles were also used as a solid drug-carrier in phospholipid suspensions for
new oral formulations of non-anticancer water-insoluble drugs, such as the anticonvulsive
carbamazepine [85].

While the abovementioned applications of biosilica were all based on the employment
of fossil sources, other studies were focused on culture-derived biosilica. Functionalised
frustules of the diatom Nitzschia palea have been successfully exploited as carriers for the
antibacterial complex tyrosine-Zn(II); zinc ions covalently bounded to the frustule surface
showed, indeed, a toxic effect on bacteria, thus reducing their concentration [86]. Esfand-
yari et al. [87] exploited the potential of Chaetoceros sp. frustules to detect circulating tumour
cells. Diatoms were magnetized with iron oxide nanoparticles, and then conjugated with
the monoclonal antibody Trastuzumab; this system was effective in selectively targeting
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and separating breast cancer cells, SKBR3 cells (HER2 positive cells), from HER2-negative
cells under a magnetic field. The optical properties of these diatoms allowed to detect
this specific binding ability by fluorescence microscopy, thanks to the optical properties of
the silica.

Similar studies on antibody-functionalized nanoparticles deriving from living cultures
were already performed more than ten years ago, and they exploited the potential of two
modified centric diatoms as photoluminescent biosensors. Functionalization of Coscinodis-
cus wailesii frustules was one of the pioneer studies highlighting antigen recognition from
antibodies that had been covalently bound to frustules [88]. Gale and co-workers [89] suc-
ceeded in transforming Cyclotella sp. frustules with the model rabbit IgG antibody, showing
a correlation between the photoluminescence associated with the frustule/antibody com-
plex and the antigen (goat anti-rabbit IgG) concentration. The main types of diatom silica
functionalization are summarised in Table 2.

Table 2. Sources, type of functionalization and biomedical applications of diatom-derived biosilica.

Diatom Source

Type of Functionalization Main Application Aim Reference(s)

Coscinodiscus wailesii

Specific recognition
Biosensor antigen-antibody (murine [88]
monoclonal antibody)

Silanization and antibody
conjugation

Coscinodiscus wailesii

Tethering and detecting antibodies
Biosensor (mix of normal rabbit serum and [64]
purified Ig-Y)

Silanization and antibody
conjugation

Selective and label-free

Silanization and antibody photoluminescence-based

Cyclotella sp. conjugation Biosensor detection of antigen—antibody (%]
(IgG-rabbit) complex formation
Iron Selective targeting of SKBR3
. N : Biosensor (with magnetic cancer cells through the
Chaetoceros sp. oxide nanoparticles and antibody B 1 £ antibod [87]
conjugation propertles) employment 0 ar\t{ 0 y
(Trastuzumab) bioconjugation
Nitroxide
. P 2,6,6-tetramethylpiperidine-N- . Ciprofloxacin delivery in
Thalassiosira weissflogii oxyl (TEMPO) Drug carrier fibroblasts and osteoblasts [90]
conjugation
Silanization, and oligo (ethylene I .
. . mprovement of levofloxacin -
Aulacoseira sp. glycol) Drug carrier deliver [75]
methacrylate copolymers addition Y
Nitzschia palea Amino acid (Tyr-Zn'') conjugation Drug carrier Inhibition of bacterial growth [86]
Silanization and phosphonic acids Improvement of indomethacin
Diatomaceous earth conjugation—self-assembling Drug carrier P 4 icin deli [67]
monolayer and gentamicin delivery
Diatomaceous earth Sllamzatwrrr\‘ gg;:lﬁs?gsﬁ?omc acids Drug carrier Impruveme;etho\f e111’1yclorr\ethacm [91]
DE mineral rocks Graphene oxide, silanization Drug carrier Improveme‘;’\etl;)\f el:;domethacm [82]
Dopamine . . . y . .
Diatomaceous earth modified iron-oxide nanoparticles Drug carrier (with magnetic Improvement of indomethacin [78]
(DOPA /Fe;Ox) properties) delivery

Diatomaceous earth

Improvement of the anticancer
tris-tetraethyl [2,2'-bipyridine]-
Drug carrier 4,4'-diamine-ruthenium (II) [83]
complex delivery (tested on HT-29
and MCEF-7 cancer cells)

vitamin B12 and ruthenium (IT)
complex

Calcined diatomite

Vehiculating siRNA into tumour
cells to downregulate the
Drug carrier expression of cancer-associated [92]
genes (tested on murine A20
lymphoma cells)

Silanization and siRNA
conjugation

Calcined diatomite

Vehiculating siRNA into tumour
cells to downregulate the
Drug carrier expression of cancer-associated [93]
genes (tested on H1355 cancer
cells)

Silanization and siRNA
conjugation
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5.2. Biocompatibility

Diatom-derived biosilica has several advantages compared to other porous materials,
in terms of high compatibility with biological systems [18,26]. Biocompatibility tests were
performed on various tumour cells, and some significant examples are reported below.
An ATP-based luminescent assay aimed at detecting the short-time (6-24 h) detrimental
effects on cells showed that DE particles had very low toxicity on the following three
colon cancer cell lines: Caco-2, HT-29, and HCT-116 [94]. The effect of amino-modified
DE nanoparticles on human lung epidermoid carcinoma cells (H1355) was evaluated by
the MTT (3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. Different
concentrations of diatom particles were tested for 24, 48 and 72 h, and the results showed
very low cytotoxicity against the abovementioned tumour cells. This feature made function-
alized DE particles useful carriers to transport small interfering ribonucleic acid (SIRNA)
inside human lung epidermoid carcinoma cells (H1355), silencing gene expression [93].
Biocompatibility was also assessed on bone cells, such as normal human dermal fibroblasts
(NDHS) and Saos-2 osteoblasts, by the functionalization of Thalassiosira weissflogii frus-
tules with 3-mercaptopropyl-trimethoxysilane (MPTMS). The mercapto-coated biosilica
successfully stimulated the growth of both cell lines, even more than bare cells [90].

The biological compatibility of silica-derived diatoms was also assessed in studies
aimed at targeting the antiapoptotic factor B-cell lymphoma/leukemia 2 (Bcl2) with small
interfering RNA (siRNA). Specifically, the amino groups of silanized silica particles were
complexed with siRNA to downregulate the expression of tumour-associated genes. The
target line was the A20 murine lymphoma, and no differences in cytotoxicity between
the functionalised frustules and controls (e.g., untreated cells) were observed by applying
the following three different methodologies: MTT, Cell-Titer GLO and propidium iodide
assays [92].

Biocompatibility between functionalized DE particles and breast cancer cells (lines
MCF-7 and MDA-MB-231) has also been proven. In this case, amino-modified particles
were further improved by PEGylation (i.e., diatom-coating with polyethylene glycol) and
cell-penetrating peptide (CPP) bioconjugation, to promote cell internalization through
physical and biological changes in the silicon source. The biological compatibility was
also evaluated with a luminescent cell viability assay based on the adenosine triphosphate
concentration, and the results showed that the cytotoxicity of biosilica that underwent a
double modification with PEG and CCP was lower than that of the bare material, as well
as that of diatoms that had been amino-modified only [95].

Most cytotoxicity assays mentioned above were performed on short timescales. The
effect of longer exposure times (21 days) was assessed on human embryonic kidney cells
(HEK-293) and MDA-MB-231 breast cancer cells exposed to syntherized (e.g., fused at
high temperature) diatoms. Biocompatibility was tested through viability assays with the
dye Calcein-AM (its fluorescence intensity depends on the activity of cellular esterases,
and thus of viable cells), and the results confirmed that natural silicon is not toxic. This
suggested that fused diatom frustules could be a suitable alternative for synthetic bone
graft substitutes [96]. In order to foresee the effects of long-term exposure of silica-based
devices on biological systems, Terracciano and co-workers [97] investigated the in vivo
impact of diatomite particles on the model organism Hydra vulgaris. Untreated specimens
and animals exposed to bare frustules and to diatom nanoparticles modified with the
cell-penetrating peptide [(aminooxy)acetyl]-Lys-(Arg)9 (to enhance cellular uptake) were
monitored for 14 days, and no detrimental effects in terms of growth rates and apoptosis
were observed in all conditions.

In our opinion, further studies on living organisms are mandatory to definitely ascer-
tain the lack of toxicity of biosilica, especially in the perspective of concrete biomedical
applications for drug loading and as scaffolds for bone regeneration.
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5.3. Employment of Genetically Engineered Diatom Frustules for Protein Immobilization

Diatom particles can be considered as useful scaffolds for enzyme immobilization that
could enhance protein properties. Genetic engineering represents a viable alternative to
in vitro immobilization systems, as it does not require protein purification and is carried
out under physiological conditions [74]. Since silaffins and cingulins are involved in silica
condensation becoming part of diatom frustules, the fusion of an exogenous protein to
these frustule-associated proteins can result in the strong binding of exogenous proteins to
the silica cell wall.

Transformation of diatom genomes with recombinant genes is a useful tool to allow
the fusion between enzymes and cell wall proteins. This technology is mentioned in a
recent study as living diatom silica immobilization (LiDSI), and has been mostly performed
on the model species T. pseudonana [98,99]. To our knowledge, the pioneer studies focused
on enzymes immobilised on diatom biosilica were aimed at inserting and blocking the
bacterial enzyme hydroxylaminobenzene mutase (HabB) on the silaffin tpSil3 of T. pseudo-
nana frustule [98]. Aside from the potential of this specific genome modification, this
study paved the way for the genetic manipulation of diatom species to enhance protein
immobilization on frustules for biomedical purposes.

The genome of T. pseudonana has been recently modified with the insertion of ex-
ogenous genes encoding the fusion of two enzymes, glucose oxidase and horseradish
peroxidase, with cell wall proteins, enabling a regioselective functionalization, and suggest-
ing that silica morphology could influence the effectiveness of the enzymes reactivity [99].
The frustule of this species has been also antibody-functionalised, in order to test its
effectiveness in binding large and small antigen molecules [100].

5.4. Availability of Biosilica Feedstocks

In contrast with other synthetic materials, diatom biosilica is already available in huge
amounts as diatomite. Moreover, diatom-derived silica feedstock could be easily obtained
by culturing these microalgae in open ponds or enclosed systems, and separating them
from the organic matter after culture dewatering.

6. Silica for Biomedical Applications: Bottlenecks

Among the weak aspects of the production of biosilica-based devices, it is worth
mentioning that diatom frustules require strong treatments that are usually based on toxic
and/or dangerous chemicals [26,70,73,101]. Furthermore, the accuracy of the purification
protocols should to be the highest possible in case the biosilica-based material is to be used
for biomedical purposes. Besides, experiments based on living culture manipulations are
often carried out under axenic conditions [87,89], which requires very careful maintenance
to keep the strains bacteria-free and, in case of contamination, highly meticulous protocols
to remove bacteria need also to be applied [102].

Another drawback of using biosilica for biomedical purposes is the low degrada-
tion rate of this material. Although biosilica is known to be less stable than crystalline
silica and its dissolution rate can be further enhanced by specific physico-chemical ma-
nipulations [103], it can still persist for long periods within organs with limited blood
supply [104], which may lead to detrimental health consequences. Some authors do not
consider biosilica degradation as a real problem, since the silicic acid (i.e., the main product
of silica degradation) is naturally found in human tissues and can be easily excreted from
the kidneys [105,106].

However, the employment of diatom-based biosilica for biomedical purposes has not
been approved yet by the Food and Drug Administration (FDA), and neither by other safety
governmental agencies. The approval of diatom-based biosilica for biomedical purposes is
mandatory to follow up all the studies which foresee the development of biosilica-based
devices for biomedical purposes. The FDA considers amorphous silica less toxic than
crystalline forms and silicates as generally recognized as safe (GRAS) materials [57,107],
and established that they can be included in oral delivery ingredients in amounts up to 1500
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mg per day [103]. Some diatom-derived sources of silicon can be treated, indeed, to reach
the food grade and can be used for nutraceutical purposes. Currently, diatomite of certain
“purity levels” is considered as a food additive and is permitted as animal feed (https://
www.accessdata.fda.gov/scripts/cdrh/cfdocs/ cfefr/CFRSearch.cfm?fr=573.340, accessed
date: 22 March 2021), as inert carrier or anticaking agent, and as additive for pharmaceutical
preparations. Unfortunately, the use of diatomite for biomedical applications has not been
approved yet.

The recognition of diatomite as a suitable biomaterial for medical and pharmaceutical
purposes by the FDA is, indeed, mandatory to pave the way to industrial applications
of diatomite-based materials, which have proven to be successful for drug delivery [74],
through genetic engineering [108,109] and for regenerative medicine [26].

7. Future Perspectives

In the present review, we report studies from different research groups aimed at
assessing the effectiveness of diatom-derived silica for biomedical applications. Previous
studies clearly demonstrated that diatom biosilica could be suitable as a drug carrier, as
a scaffold for regenerative medicine, and for in vivo enzyme immobilization. We sum-
marized the main benefits and disadvantages associated with the use of this biomaterial,
and, in our opinion, the advantages outweigh the drawbacks. Future research should
ascertain long-term compatibility of biosilica with biological systems, and should search
for cost-effective and environmentally friendly techniques for biosilica production.

The employment of silica-based diatom cell walls for biotechnological applications
implies that naturally abundant fossil sources (e.g., diatomite) can be considered as a
viable and cost-efficient alternative to synthetic silica, which requires time-consuming and
hazardous methods for its production. Overall, fossil biosilica sources can be used as heavy
metal sorbents, food-grade additives, fertilizers or biosensors.

In contrast, living diatom-derived biosilica appears to be more suitable than biosilica of
fossil origin for biomedical applications such as drug carriers. Specifically, drugs need to be
released from the carrier at constant and known rates, and for this purpose the size, shape,
and porosity of biosilica particles should vary as little as possible. Biosilica derived from
monospecific cultures has, indeed, a regular and predictable structure compared to fossil
sources that typically encompass a given morphological diversity, leading to heterogeneity
in the frustule size, shape and porosity. A recent device for biosilica production from living
cultures has been patented [110] and paves the way to the exploitation of diatoms.

With respect to other biological silica sources, such as sponges and Radiolaria, diatoms
can be easily cultured in the laboratory, and are ubiquitous and highly abundant in the
marine environment. Moreover, silica structures from diatoms generally have smaller di-
mensions than protozoan shells and sponge spicules, which can reach 2 mm in length [74].
The reduced particle size is, for us, advantageous in drug delivery systems to enhance
degradability, and for avoiding or limiting pulverization pre-treatments. In our opinion,
treatments for the depigmentation and elimination of collagen (in which spicules are en-
veloped) can render the process of sponge-derived silica even more difficult than the typical
techniques for frustule purification [111,112]. Other non-biological silica sources, such as
fly ash derived from power plants, may be used in lieu of fossil diatom-derived sources.
Similarly to diatomite, this alternative source is disposable and abundant in the natural
environment, and its effectiveness as a raw material for carbon sequestration [113] and as a
biofertilizer [114] has already been demonstrated. Nevertheless, in our opinion, the high
heterogeneity of fly ash (structural features vary according to the power plant and the com-
bustion processes), and the presence of metals and other impurities makes it more suitable
for bioremediation and land fertilization purposes, rather than biomedical applications.

To improve the economic viability of massive diatom culturing for biosilica production,
other fractions of algal biomass could also be exploited. Diatoms can be used, indeed, as
photosynthetic biorefineries [115] for a number of industrial processes, and the exploitation
of both the inorganic and organic fractions of the algal biomass can contribute to minimise
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waste production. A possible route for the complete exploitation of diatom biomass is
shown in Figure 3. The extraction of the biochemical components from microalgal biomass
does not affect the structure and the integrity of silica frustules, which can remain unaltered
also in the presence of acidic conditions. Massive diatom culturing can lead to the combined
production of biosilica for biomedical applications, and highly valuable organic compounds
such as PUFAs and carotenoids.

Recycle for
new microalgal

Recycle of nutrients (N, P)

(in- or outdoor cultures)

o)
Valuable
o)

products

Dewatering
(separation
microalgae/supernatant)

Figure 3. Schematic representation of a hypothetic diatom-based biorefinery for the whole exploita-
tion of microalgal mass. Diatoms are cultured in open ponds or photobioreactors; after harvesting,
the remaining water is still rich in nutrients and can be partially reused as medium for new culture in-
ocula or serve as agricultural fertiliser. Four major valuable products, lipids, proteins, carbohydrates,
and biosilica can be obtained from the harvested biomass.

In summary, we believe that further studies are required to exclude any acute and
long-term toxicity of diatom biosilica—as suggested by Castillo and Vallet-Regi [116]—and
this will pave the way for clinical trials of biosilica transplantation. However, assessing the
best processes to minimize costs and wastes for the concomitant production of biosilica
and highly valuable products is mandatory to lay the foundations for this new industrial
application.
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Abstract: How to make cancer treatment more efficient and enhance the patient’s outcome? By
multimodal therapy, theranostics, or personalized medicine? These are questions asked by scientists
and doctors worldwide. However, finding new unique approaches and options for cancer treatment
as well as new selective therapeutics is very challenging. More frequently, researchers “go back in
time” and use already known and well-described compounds/drugs, the structure of which further
derivatize to “improve” their properties, extend the use of existing drugs to new indications, or
even to obtain a completely novel drug. Natural substances, especially marine products, are a great
inspiration in the discovery and development of novel anticancer drugs. These can be used in many
modern approaches, either as photo- and sonosensitizers in photodynamic and sonodynamic cancer
therapy, respectively, or in tumor imaging and diagnosis. This review is focused on a very potent
natural product, the chlorophyll metabolite purpurin 18, and its derivatives, which is well suitable
for all the mentioned applications. Purpurin 18 can be easily isolated from green plants of all kinds
ranging from seaweed to spinach leaves and, thus, it presents an economically feasible source for a
very promising anticancer drug.

Keywords: cancer therapy; gold nanoparticles; marine products; natural products; photosensitizer;
purpurin 18; reactive oxygen species; seaweed

1. Introduction

Cancer and the lack of an effective treatment have been global problems for many
years. Current treatment approaches are based on decades-old methods such as tumor
resection, radiotherapy, and classic chemotherapy, which are not always effective and, thus,
cancer remains to be the leading cause of death worldwide [1]. Significant problems of cur-
rent anticancer therapy are especially the low selectivity of anticancer drugs and their high
systemic toxicity, which leads to damage of healthy cells. A severe obstacle in cancer treat-
ment is also the frequent emergence of resistance to individual chemotherapeutics, whether
it is a natural resistance or acquired, for example, due to insufficient drug concentration
at the tumor site. Modern strategies for cancer treatment include early diagnosis of the
disease as well as effective targeted treatment with minimal side effects. To the long-known
methods with such benefits belongs photodynamic therapy (PDT), which is based on the
application of a photosensitive substance (PS), which after excitation by light and reaction
with cellular oxygen generates cytotoxic reactive oxygen species (ROS) [2]. Very similar
methods closely related to PDT are photothermal therapy (PTT) and sonodynamic therapy
(SDT). In PTT, the light energy absorbed by a PS is converted into thermal energy. The
generated heat then warms the target tumor cells, which leads to their damage and death.
In the case of SDT, instead of light, ultrasound waves are applied to activate the drug
used, a so-called sonosensitizer (ST). Then, the activated ST eliminates the target cells by
a similar mechanism to that of a PS. In addition to SDT, another method utilizes acous-
tic ultrasonic waves—photoacoustic imaging (PAI). However, as for PAI the ultrasound
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waves do not serve as drug activators but as a measurement output. In the case of PAI,
the drug is activated by a pulsed laser, and based on the energy conversion, ultrasonic
waves are subsequently generated, which are monitored to form an image. Owing to the
high resolution of PAI and the possibility of deep penetration into the tissues, this method
is a promising technique, especially in terms of tumor diagnosis. However, for all these
methods, very specific compounds, e.g., of natural origin, must be sought.

Natural compounds for cancer therapies have often a plant origin, but many of them
come also from marine organisms and seaweed [3]. Many substances isolated from sea-
weed have been shown to have significant health benefits and are thus often used in the
cosmetics or food and pharmaceutical industries. Seaweed can be classified as an important
source of polyunsaturated fatty acids, vitamins, enzymes but also natural pigments such
as chlorophylls, carotenoids, and quinones [4-8]. Evidence suggests that the most impor-
tant are green pigments—chlorophylls. These occur in brown, red, and green seaweed
(Phaeophyceae, Rhodophyceae, and Chlorophyceae) [9]. Due to the high content of chlorophyll
(Chl; 565 to 2000 mg-kg*1 of dried biomass) in seaweed [8] and undemanding cultivation
methods on a large scale, seaweed is a favorable source for Chl production. Dried seaweed
biomass can be used to extract Chl utilizing organic solvents or supercritical extraction [10].
The Chl thus obtained can then be chemically modified to give its derivatives and metabo-
lites, one of which is purpurin 18 (pul8), which is well known for its unique properties
and great potential in anticancer therapy.

This review aims to detail the most recent advances in pul8 anticancer research, with
emphasis especially on PDT, PTT, and PAIL Moreover, biosynthesis of pul8 and novel
anticancer derivatives of pul8 are also discussed.

2. From Plant Dyes to Medicines

Chl is perhaps the most famous green pigment that each of us comes across daily. The
most common and most important in terms of photosynthesis is blue-green chlorophyll
(Chla), which absorbs light energy at wavelengths with a maximum of 660-665 nm [10,11].
Other types are yellow-green chlorophyll b (Chlb, maximum absorbance at 642-652 nm),
which occurs in green seaweed, and chlorophyll ¢ with a maximum absorbance of 447-452 nm.
The fourth type, chlorophyll d absorbs at far-red wavelengths around 710 nm and occurs
in cyanobacteria and red seaweed [12]. Chl plays a key role in plant photosynthesis and
its decay is an important catabolic process of leaf aging and fruit ripening. However, the
biochemical processes by which Chl is degraded have been unknown for many years, and it
was not until the identification of the major metabolites that the whole process was eluci-
dated. It is now known that in the first phase, enzymatic reactions of color pigments take
place. The pigments serve as substrates for the formation of a colorless, blue fluorescent
decomposition product, called primary fluorescent Chl catabolite. One of the key steps
in this metabolic pathway is the enzymatic conversion of Chlb to Chla, also known as the
Chl cycle [13,14]. The central magnesium atom is further removed from the Chlz molecule
by magnesium dechelatase [EC 4.99.1.10] to form pheophytin a, which passes into another
colored product pheophorbide a (Pba). Through other enzyme-catalyzed reactions, Pba
is converted to red Chl catabolite and further to primary fluorescent Chl catabolite. Chl
degradation usually results in non-enzymatic isomerization of modified fluorescent Chl
catabolites to their respective nonfluorescent Chl catabolite, which is transported into plant
cell vacuoles for further processing (Figure 1) [15].

As the structural formulas are shown in Figure 1, it is apparent that Chl is a porphyrin
with a cyclic tetrapyrrole nucleus. Its metabolites are characterized by 18 electrons in
the aromatic ring with a conjugated double bond system. This structural arrangement
predetermines Chl metabolites to be PSs with the possibility of use for example in cancer
therapy. Chla itself is characterized by a high extinction coefficient at 661 nm [16] and
good singlet oxygen production. However, what limits its further use is its low thermal
stability, proneness to degradation due to light irradiation, and also low stability at acidic
pH. At the same time, it was found that Chla exhibits lower thermal and pH stability than
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Figure 1. The biological degradation process of chlorophyll a leads to purpurin 18 (pul8, panel A) and chemical transforma-
tion of chlorophyll a to pul8 (panel B).

3. Purpurin 18 and Cancer Treatment

One of such degradation products of Chl is the already aforementioned pul8, a
photosensitive chlorin substance naturally occurring in, for example, spinach leaves [18],
cyanobacterium Spirulina maxima [19], Japanese carpet shells Ruditapes phlippinarum [20],
brown mussel Perna perna [21], or in a whole series of edible seaweed [22]. It has been
confirmed that pul8 can be even observed from geological samples of sediments [23].
Considering mainly its photochemical properties, pul8 represents a potentially useful
substance for cancer phototherapy. What is mainly advantageous is its maximum absorp-
tion at 700 nm, as the light of such wavelength penetrates deep into the tumor tissue [24].
Unfortunately, even despite this benefit, pul8 has not been applied in clinical practice,
yet, since it exhibits high hydrophobicity. Therefore, tremendous effort has been made to
derivatize pul8 structure to overcome this solubility limitation. The chemical structure of
pul8 offers great options for structural modifications (Figure 2). One example among many
is linking pul8 with a peptide by a reaction of the carboxyl group of propionic acid of
pul8 and amidogen radical of the peptide. For example, by linking pul8 with arginine-rich
peptides, conjugates with higher hydrophilicity can be prepared, which, besides, exert
modified aggregation properties (increased with a higher number of arginine units) and
well-ordered assembly [25]. That is, indeed, another advantage of pul8. Its macrocyclic
nature makes it an ideal structural unit for creating larger entities by the supramolecular
assembly. This property could be used in cancer treatment and imaging (see Chapter 9), as
certain peptide-conjugated pul8 derivatives can create in situ nanofibers and, thus, prolong
retention time in tumors and, thus, enable improved imaging opportunities and more ef-
fective therapeutical outcome [26]. Therapy with pul8 is, as aforementioned, based mainly
on its photosensitivity. This phenomenon is utilized in diverse therapeutical approaches,
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mainly PDT and PTT. Pul8, as well as other PSs, is also able to absorb energy delivered into
tumors by ultrasound, which is used in SDT. Both PDT and SDT might be also combined
with cancer diagnostics and, thus, pul8 can act as a theranostic agent. In the following
chapters, we discuss the basics of all these approaches as well as the potential therapeutic
and diagnostic roles of pul8 and its derivatives in cancer.

halogenation ‘X

|:> halogenation

nitration

e

o~ O O
esters, amides, salts HO,C imides

Figure 2. Numbered molecular structure of purpurin 18 (pul8) and positions of frequent modifications. The pul8 molecule
is usually modified to improve its photochemical properties, for example, by halogenation (violet dots) or nitration (orange
dots), or derivatized by conjugation reactions with peptides or other tumor cell-targeting molecules. The most common
approaches are the use of a free carboxyl group (C-173) to form esters or amides (an orange dot) or by the derivatization of a

cyclic anhydride to form imides (a blue dot).

4. Photodynamic Therapy

PDT is an attractive approach to the treatment of many types of cancer and non-
cancerous diseases. This approach is based on the administration of photoactive substances,
so-called PSs, which themselves (without any stimulation) do not exhibit any biological
activity. They are activated by illumination with light of appropriate wavelength upon
which a PS transits into an excited state. Then, the excited PS can react with molecular
oxygen to form ROS and singlet oxygen. The presence of these particles in a cell leads
to strong oxidative stress resulting in cell damage and cell death (Figure 3). However,
ROS play a dual role in cancer treatment, since they can trigger multiple cellular cascades
leading also to pro-tumorigenesis [27]. The ideal PS should meet several criteria, such
as high quantum yield of singlet oxygen and absorption in the dark red or near-infrared
region of the electromagnetic spectrum (650-800 nm), which ensures deeper penetration of
the light into a treated tissue. On the contrary, negligible absorption of the PS in the visible
part electromagnetic spectrum (400-600 nm) is desirable due to possible photosensitization
of the skin [28]. Excitation and emission spectra are very important properties of PSs
because human tissue contains many endogenous chromophores that also absorb light.
For example, hemoglobin, myoglobin, melanin, and water absorb light in the 600-1000 nm
region, which limits the biological window in this range of wavelengths [29]. Therefore,
current trend is to develop novel PSs absorbing in the range of the second and third near-
infrared (NIR) region of the electromagnetic spectrum (NIR-II: 1000-1350 nm, NIR-IIIL:
1550-1870 nm), which provides the benefit of deeper tissue penetration, enhanced image
contrast due to reduced optical scattering, and lower phototoxicity [30]. Related to this, it
is another important property of a PS—preferred and ideally selective accumulation of the
PS in the target, usually tumor, tissue. Equally important in PDT is none or marginal dark
toxicity (without photoactivation) of the PS and its potential metabolites. What makes the
use of PDT for cancer treatment more advantageous over conventional surgical methods
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are its low invasiveness and minimal side effects, which are frequently encountered in
chemotherapy and radiotherapy. For this reason, PDT has been a very attractive method in
cancer treatment.

laser light

accumulation of PS in cell death
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Figure 3. A general principle of photodynamic therapy (PDT). PDT is based on the action of light radiation on a photo-
sensitive drug (PS). After receiving energy, it passes into a higher energy state. Then, it transfers the received energy to
surrounding molecules and turns back to its ground state. In the energy transfer mechanism Type I, the energy is transferred
to a biomolecule which reacts with 30, to form reactive oxygen species (ROS). During the Type II transfer, there is a direct

reaction of the PS with the 30, molecule, with the formation of singlet oxygen 'O,, which also belongs to the ROS.

In PDT, substances originating in natural products are often used as PSs, including
the already mentioned pul8. Pul8 in connection to photoactivation has attracted scientific
interest already more than thirty years ago when Hoober et al. [18] discovered that pho-
toactivated pul8 inhibits the growth of primary human fibroblasts. Thirteen years later,
after the reports that photoactivated pul8 induces apoptosis and necrosis also in human
cancer cells, namely HL-60 (cells from leukemia) [31,32], the real boom in pul8 research
related to cancer treatment has started.

More recently, pul8 has been tested as an effective PS for PDT treatment of commonly
incurable triple-negative breast cancer [33]. The phototoxicity of pul8 was determined using
a mouse mammary tumor cell line (4T1), which is used as a model of stage IV human breast
cancer. 4T1 cells were used in the form of two-dimensional (2D) culture, three-dimensional
(3D) spheroids, and, also, in vivo in Balb/c mice with subcutaneously implanted 4T1 cells.
In the case of 4T1 2D cell cultures, significant phototoxicity of pul8 (0.5 uM) was observed
after light illumination at 630 nm (35 s, 3.71 J-cm~2). Without photoactivation, pu18 did not
exhibit any signs of toxicity up to 4 uM concentration. During the microscopic analysis of
PDT-treated cells, a change in the cell shape (size reduction, rounding, vacuolation) and
their separation from the surface of the culture dish was detected. Flow cytometry analysis
showed that PDT treatment of 4T1 cells using 0.5 uM pul8 (0.724 J-em—2) successfully
induced apoptosis in 50 % of the cells. For 4T1 cells cultured as 3D spheroids, the cells were
exposed to 4 uM pul8 for 24 h and were photoactivated at 630 nm (4 min, 25.2 J-cm~2),
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and further cultured for 6 days. On the second day after PDT, a decrease in the mean of
4T1 spheroids was observed compared to the control group. However, further cultivation
showed that in the PDT-treated group, cell growth was not completely inhibited, since the
4T1 spheroids were further increasing their volume. However, it was slower than in the
case of PDT-untreated 4T1 spheroids. The PDT effect of pul8 administered intratumorally
was verified using experimental Balb/c mice with subcutaneously implanted 4T1 cells.
After PDT treatment (pul8, 0.625 mg-kg !, 600 J-cm~2), the tumor size was monitored
every second day for two weeks. Six days after PDT, a significant decrease in the tumor
volume (60%) was observed in the PDT-treated group compared to control groups, in which
a constant growth of the tumors was observed. Although PDT significantly suppressed the
size of the tumor, its overall disappearance did not occur here either. However, the survival
time of PDT-treated mice was longer compared to the control group. The obtained results
indicate a high efficacy of pul8 as a potent PS for the use in PDT. Nevertheless, there are still
big weaknesses of high pul8 hydrophobicity (leading to the formation of pul8 aggregates),
low bioavailability (difficult delivery of pul8 to a tumor tissue), and rapid removal from
the tumor tissue [33]. Researchers have tried to solve these shortcomings by derivatization
of the pul8 structure, such as creating imides, or anhydrides [34-37], conjugating it to a
molecule of a carrier or creating various types of pul8-containing nanoparticles.

A solution to reduce pul8 hydrophobicity and improve its bioavailability is, for ex-
ample, conjugation of pul8 with a polyethylene glycol (PEG) spacer, as described in our
previous article [38]. It was observed that the newly prepared PEGylated pul8 conjugates
efficiently accumulated in human cancer cells of various origins (breast—MCEFE-7, prostate—
PC-3 and LNCaP, cervix—HeLa, and pancreas—MiaPaCa-2) in vitro with preferential
localization in PDT of important organelles such as mitochondria and endoplasmic retic-
ulum (ER). Attachment of the PEG3 arm also led to an increase in phototoxicity after
light illumination (4 J-cm~2, 13 min) compared to the parental compound. The increase in
phototoxicity was probably due to the increase in the conjugate hydrophilicity and, thus,
improved solubility of the compound in aqueous media. This further led to a reduction in
the formation of pul8 aggregates and better drug bioavailability. To increase the PEGylated
conjugate modality, it was further modified with a zinc ion which was incorporated into
the pul8 structure. The presence of a zinc ion led to an increase in the absorption in the red
region of the visible spectrum, which could enable also imaging of this compound.

Besides PEGylation, conjugating of pul8 to biocompatible graphene oxide (GO), has
been described. Thanks to its unique surface properties (carboxyl, hydroxyl, and epoxy
groups, free 7 electron, pH-dependent negative surface charge), GO can bind drug molecules
and, thus, contribute to their efficient transport into tumor cells. The properties of GO as a
PS carrier were used in the work of Zhang et al. [39], who prepared GO-Pul8 conjugates
composed of GO with non-covalently bound (m— stacking, hydrophobic interactions) pul8
methyl ester, with the aim to increase water solubility, improve bioavailability, control
pH-release of pul8 and possibly use in theranostics (see Chapter 9). A similar approach
was used by Kang et al. [40], who prepared two types of nanoparticles GO-PS2 and GO-PS3,
composed of GO as a carrier and pul8-N-ethylamine as a PS. These nanoparticles differed
from each other in the type of bonds in the molecule, GO-PS2 contained covalently bound PS,
which led to the high stability of the particles under different conditions. In contrast, GO-PS3
contained, like the aforementioned GO-pul8, non-covalently bound PS, which was released
at a slightly acidic pH (Figure 4A). Based on the microscopic examination, it was found that
all prepared conjugates (GO-Pul8, GO-PS2, GO-PS3) are transported into human tumor
cells (HepG2, A549) to a greater extent than the unconjugated pul8. Increased phototoxicity
of conjugates GO-Pul8 (HepG2 cell line, xenon lamp, 700 nm, 5 mW-cm—2, 10 min) and
GO-PS2, GO-PS3 (A549 cell line, laser, 610-710 nm, 2 J-cm 2, 15 min) vs. free pul8 after
photoactivation was detected. Dark toxicity (without photoactivation) corresponded to a
free PS for GO-pul8 and GO-PS2 conjugates. No toxicity was observed for GO-PS3 in the
specified concentration range. Although GO-PS3 showed a lower rate of 'O, generation
compared to free pul8 (in vitro), higher PDT activity was determined for GO-PS3. This
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was probably due to the more efficient delivery of GO-PS3 to the cells and the release of
non-covalently bound pul8-N-ethylamine in the acidic environment of the tumor cells. Both
research groups have shown that GO can be a suitable carrier for the efficient delivery of a
PS to cancer cells. From the point of view of the targeted release of a PS in tumor tissue, it is
advantageous to use noncovalent binding for linking the carrier to the PS molecule.
Currently, great potential in the development of PSs for PDT have nanoparticles.
These can be used, for example, for reducing the PS hydrophobicity and to improve its
bioavailability. This approach was chosen by Liu et al. [41], who prepared three types of
water-soluble organic nanoparticles (WSONs) containing chlorine derivatives such as PS:
methyl pyropheophorbide a (MPPa), zinc metal-introduced MPPa (ZnMPPa), and pul8
methyl ester (pul8ME). All prepared WSONSs reached a size of 87-112 nm and showed
good solubility and stability in water. Fluorescence microscopy analysis showed the entry
of all WSONSss into human HeLa tumor cells and their localization in mitochondria. High
phototoxicity of WSONS after light-emitting diode (LED) illumination was also recorded
(640-710 nm, 2 J-cm~2, 15 min) which corresponded to the parental PS. The newly prepared
WSON's thus preserve or even improve the properties of the original PS, such as absorption
in the red region of the visible spectrum, high phototoxicity, and reduced dark toxicity.
Besides, the high solubility of WSONSs ensures good bioavailability compared to free PS.
Additionally, other research groups have been involved in increasing PS bioavailability.
Since gold nanoparticles (GNPs) represent a promising system for pul8 delivery and ensure
better entry into tumor cells, recently the group of Lie et al. [42] utilized this tool. They
synthesized ionic liquid (IL)-dependent GNPs with pul8 (Figure 4B). This system is based
on the properties of water-soluble ILs that can promote increased solubility of conjugated
PSs [42]. It has also been reported that ILs can increase drug stability, promote drug delivery,
and controlled release [43]. The prepared drugs consisted of IL-type PSs (PS1 = pul8 +
morpholinium, PS2 = pul8 + imidazolium), which were incorporated into GNPs (GNP1
contains 492 nmol-mg~! PS1 and GNP2 contains 573 nmol-mg ! PS2) to give 20-60 nm large
spherical particles. The phototoxicity of the newly prepared GNP1 and GNP2 was verified
using the A549 cell line and illumination with a light-emitting diode (735-785 nm, 2 J-cm 2,
15 min). In the case of GNP1, a 34- and 37-fold increase in phototoxicity was observed
compared to free PS1 (12 and 24 h after photoactivation, constant IC5y = 0.38 g-mL*l)
and no observable dark toxicity. Besides, microscopic analysis of GNP1-treated cells in
combination with light showed the presence of apoptotic bodies. In contrast, GNP2 showed
low phototoxicity at 12 h after illumination (IC5p > 20 ug-mLfl) and after 24 h, only 3.6-fold
higher phototoxicity (ICsy = 4.34 pg-mL~!) compared to free PS2. Besides, moderate dark
toxicity was determined for both GNP2 and PS2. Thus, it is clear that in the formation of
nanoparticles, the type of IL used, and its properties were of great importance.
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Figure 4. Various types of modifications of purpurin 18 (pul8) may lead to an improvement in its properties as a
photosensitizer for use in photodynamic therapy. (A) The first approach is to use a suitable carrier such as graphene
oxide (GO) to increase the bioavailability of pul8. In this case, two types of GO nanoparticles were prepared with pul8-N-
ethylamine (pul8NEA) and a photosensitizer (PS), via covalent (GO-PS2) and non-covalent bonds (GO-PS3). (B) Another
type of nanoparticles is based on the properties of ionic liquids (IL), which together with pul8 were incorporated into gold
nanoparticles (GNP1 and GNP2) and the structure of pul8-methyl ester (pul8Me). (C) Improved PS retention in tumor cells
was observed in the case of conjugated drug pul8 with the amine spermine. In the case of the attachment of a poly(ethylene)
glycol (PEG) spacer, an increase in hydrophobicity and an improvement in the bioavailability of PS were observed [44].
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Nanoparticles can also play an important role in targeted drug delivery to minimize
treatment side effects. As an example, SiO, nanoparticles (5iO,NPs) [45] have several
advantages, in particular, nontoxicity and high stability as well as compatibility with various
PSs including pul8, chlorine [46], methylene blue [47], and hematoporphyrin [48,49]. The
group of Cao et al. used mesenchymal stem cells (MSCs) as pul8 transporters in the form of
PS-Si0,NPs nanoparticles for targeting breast cancer tumor cells [45]. It is known that MSCs
naturally show a high affinity for tumor cells [50,51]. The generated PS-SiO,NPs-MSCs
particles migrated to human breast cancer cells (MCE-7), which means that the content of PS-
SiO,NPs does not negatively affect the targeting of MSCs and pul8 can thus be accumulated
in targeted cells. At the same time, it was found that PS-5i0,NPs-MSCs inhibited the growth
of MCEF-7 cells after PDT treatment, both in the form of 2D culture in vitro and in vivo in
nude mice with subcutaneously transplanted MCF-7 cells, in which there was a reduction in
tumor size and weight. When PS-SiO,NPs were introduced into human embryonic kidney
cells (HEK-293) instead of MSCs, no significant PDT effect on cell viability was detected
since there was no targeted localization of the drug into the tumor cells [38]. The use of
MSCs seems a promising strategy for targeted drug delivery to tumor cells.

A long-term approach in the treatment of cancer is a so-called multimodal therapy which
may lead mainly to a reduction in the resistance of tumor cells to anticancer chemothera-
peutics. This may be, for example, a combination of tumor resection with chemotherapy, a
combination of chemotherapy with PDT, or administration of a multimodal drug. Recently,
researchers at Southwest University have developed photo-/chemotherapeutics containing
pul8as aPS [52,53]. The first is a nanogel-based drug (DHP NGs ~ 67 nm) composed of pul8,
the chemotherapeutic 10-hydroxycamptothecin (HCPT), a redox responsive cross-linking
agent, glutathione responsive spacer, and a PEG spacer to increase particle stability. The
second multimodal drug contains doxorubicin (DOX) and pul8 encapsulated in PDP mi-
celles (~148 nm) composed of mono (6-amino-6-deoxy)-f-cyclodextrin with a ROS-sensitive
polymer containing borate bonds. Both types of drugs have been designed to preferentially
accumulate in a tumor tissue based on enhanced permeation and retention effects, for tumor
tissue imaging as well as selective drug release due to increased GSH/ROS production by
tumor cells. In mouse tumor cell line 4T1, the ability to enter cells, localize in lysosomes and
mitochondria, reduce membrane potential of mitochondria and cause cell death has been
confirmed [53]. In assays in Balb/c mice implanted with 4T1 cells, longer retention time, and
better distribution of DHP NGs in tumor tissue compared to free pul8 were detected, as
well as a significant reduction of tumor volume after laser exposure (660 nm, 0.5 W-cm 2,
5 min). Immunohistochemical analysis of tumor cells subsequently revealed a large number
of necrotic and apoptotic cells due to combined photo-/chemotherapy, the treatment did
not cause any obvious damage to other organs (the liver, kidneys, heart, and lungs). Very
similar results were obtained for the second drug PDP in combination with the same laser
treatment. Upon this treatment, only 17.17% of 4T1 cells survived compared to 40.89 % for
pure DOX and 61.28% for pure pul8 in combination with irradiation. Very similar results, as
for the first drug, were shown also in experiments on Balb/c mice implanted with 4T1. Both
drugs thus represent a significant step in the combined therapy of tumors. A summary of
the aforementioned studies on pul8 and its derivatives in PDT is covered in Table 1.
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5. Sonodynamic Therapy and Sonophotodynamic Therapy

Another noninvasive approach of cancer treatment is sonodynamic therapy (SDT). It is
a method discovered and derived based on PDT. In PS evaluation, it was found that, for
example, porphyrin [54-57], pheophorbide [57,58], and/or pul8 derivatives [59] used in
PDT show similar effects and cell damage after ultrasound application as detected after
photoactivation. The main principle of SDT is identical to PDT. The SDT method is based on
a combination of low-intensity ultrasound and a sonosensitive agent (ST), which is activated
by ultrasound (Figure 5). However, the mechanism of ST activation and ROS formation in
SDT is not exactly known. The action of ultrasound generates heat in the target tissue and,
also, acoustic cavities. These can occur in two states: stable cavities, which oscillate in an
aqueous environment, leading to fluid flow, and inertial cavities, which are characterized
by rapid enlargement and subsequent sharp collapse (implosion). During the collapse of
these cavities, a large amount of heat (>5000 K) and pressure (>800 atm.) is released [60,61].
This can lead to a series of chemical reactions inside, on, or around the collapsing cavitation
bubble, which is often referred to as a sonochemical reactor [62]. Typically, pyrolysis or
thermal dissociation of water may occur here, which may lead to ST activation and, also, to
ROS production.
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Figure 5. General principles of sonodynamic therapy. The action of ultrasound activates the sonosensitive agent and its
transition to a higher energy state. When returning to the basic energy state, the energy generated is transformed in the
form of heat, acoustic cavities, or light (sonoluminescence). As a result of these processes, reactive oxygen species (ROS)
are formed, which leads to damage of the mitochondrial membrane, the release of cytochrome c (cyt c), and triggering a

cascade leading to cell death.

However, some authors suggest that ST activation occurs differently due to sonolu-
minescence. Sonoluminescence is described as the emission of light that can occur when
cavities collapse. This emitted light could thus activate the ST, similarly to that in PDT.
However, scientists do not fully agree on this mechanism either [63]. It is, thus, likely that
the mechanism of SDT action is a combination of several factors, which depend on the
ST and the parameters of the ultrasound used. Although the exact mode of action of SDT
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has not been elucidated, SDT has tremendous potential in the treatment of cancers. An
indisputable advantage of SDT over PDT is the deep penetration of ultrasound into soft
tissues, which can be even more than 10 cm [64]. As some PSs can be used as STs, it is
possible to combine both approaches as SDT-PDT.

Recently, Shi et al. [65] have described the development of a new tumor-specific and
multi-activatable drug called nano-riceball that can be used in SDT. This is a multilayer
micelle with a size of 96.8 nm, the core of which is constructed of amphipathic bottlebrush-
like dextran-based polymer (DOS), which carries in its structure the anticancer drug DOX
and pul8, as a potent ST. This construct is denoted as DDP. For specific tumor cell targeting,
the upper layer of the DDP is covered by a bioengineered cell membrane [66], which carries
the target motif of the Asn-Gly-Arg (NGR) peptide [67]. It is recognized by various isoforms
of the CD13 receptor (aminopeptidase N), which occurs on the membrane of many types of
tumor cells and, thus, it is a suitable target for the delivery of anticancer drugs (Figure 6). In
this way-targeted drug nano-riceball (NGR® DDP) is preferentially captured on the surface
of tumor cells, and is transported into the cells by endocytosis. Shi et al. [68] found that
NGR®DDP accumulates in HepG2 cells within 3 h of treatment. After sonication of the cells
(0.56 W-cm 2,5 min), there is a rapid increase in ROS, lysosome disintegration, and collapse
of the NGR@DDP structure. This leads to a partial release of DOX, then, additional DOX
release is achieved by endogenous H,O, stimulation. By application of ultrasound, pul8 is
also activated, which leads to further ROS generation. Due to the fluorescence of pul8, drug
localization can be also monitored. Tests in nude mice with Luc-HepG2 tumors showed
preferential accumulation of NGR® DDP in tumor tissue as well as significant reduction or
complete disappearance of the tumor after administration of NGR® DDP in combination
with an ultrasound. Besides, histological analysis showed extensive tumor tissue damage
with minimal damage of normal/healthy tissues, thus suggesting high drug selectivity with
the generation of minimal side effects.
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Figure 6. Schematic representation of the preparation of the tumor-specific, mitochondrially targeted, multi-activated
(ultrasound /H,0,) drug NGR®DDP. These are micelles consisting of a universal amphipathic bottlebrush-like polymer
dextran-POEGMA-b-PMTEMA, the chemotherapeutic doxorubicin (DOX), and purpurin 18 (pul8), collectively referred to
as DDP. These micelles are further coated with a top layer (NGR®RBCM) which carries the target motif of the Asn-Gly-Arg
(NGR) peptide. POEGMA = poly(oligo ethylene glycol methacrylate); PMTEMA = poly [2-(methylthio)ethyl methacrylate];
NGR®RBCM = peptide-labeled red blood cell membrane.

The ST drug PTPK has been developed to image and suppress the growth of pancreatic
tumors [68]. Hydrophilic PTPK was prepared in the form of a linear chain composed of the
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cytotoxic peptide Lys-Lys-Leu-Ala-Lys-Leu-Ala-Lys-Lys-Leu-Ala-Lys-Leu-Ala-Lys (KLAK-
LAK), the ST pul8, and PEG, which is attached by a thiol bond. After PTPK treatment with
ultrasound, pul8 is activated to form singlet oxygen, which leads to cleavage of the thiol
bond and cleavage of the PEG spacer. The rest of the SH-(pul8) KLAK molecule then forms
self-assembled nanoparticles due to increased hydrophobicity. The nanoparticles are then
transported into cells by endocytosis (Figure 7). Cytotoxicity assays on the Panc-1 cell line
show that PTPK exhibits higher cytotoxicity and higher mitochondrial damage to treated
cells after ultrasound treatment compared to non-cleavable PEG (pul8) KLAK and pre-
prepared (pul8)-KLAK nanoparticles (without PEG). Using a multicellular tumor spheroid
of Panc-1 cancer cells, the ability of single-stranded PTPKs to penetrate deeper into tissues
was observed than with pre-packaged (pul8)-KLAK nanoparticles. In situ packaging of
nanoparticles is also likely to lead to improved cell transport through endocytosis. Tests
on nude mice implanted with Panc-1 cells have shown that PTPK in combination with
ultrasound inhibits the growth of subcutaneous and orthotopic tumors.
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Figure 7. Schematic representation of the ultrasound activatable polypeptide drug PTPK. The drug is applied to the
bloodstream in a linear form, pul8 is activated to form singlet oxygen, which leads to cleavage of the thiol bond and
disconnection of the PEG spacer. The rest of the molecule then consists of hydrophobic nanoparticles, which can more easily

penetrate tumor cells.

6. Photoacoustic Imaging and Therapy

Photoacoustic imaging (PAI) is a promising technique for diagnostic and therapeutic
purposes in the treatment of cancer due to its high resolution and deep penetration into
tissues [69]. In medical applications, photoacoustic imaging is currently in clinical trials for
imaging tumors of the breast [70,71], head and neck [72,73], thyroid gland [74], colon, and
rectum [75]. The principle of PAl is the generation of acoustic ultrasonic waves based on
the conversion of energy supplied by pulsed laser light. If a suitable molecule absorbs light
energy, this energy is converted into heat, which also leads to an increase in the temperature
around the molecule. Based on the thermoelastic expansion caused by the increase in
temperature, ultrasonic waves are subsequently generated, recorded, and analyzed to form
an image. Naturally occurring chromophores such as oxy-/deoxyhemoglobin, melanin, or
exogenous inorganic and organic substances, which have the potential to absorb energy in
the near-infrared region of the spectrum, are used as contrast agents in PAI. Endogenous
chromophores can be used in a variety of applications, from brain mapping to monitoring
angiogenesis and hypoxia, which are one of the main features of tumor presence. However,
their main advantage, i.e., endogenous occurrence, is also their main limitation, due to
the difficult distinction between the increased signal vs. the background signal (e.g., in
tumor imaging). Some PSs, such as indocyanine green [76], and methylene blue [77] have
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been approved by the US Food and Drug Administration for application in PAI Besides,
due to absorption in long wavelengths, pul8 and its derivatives are also suitable for
such application.

For example, it could be beneficial in distinguishing very small tumor features
(<10 mm) from healthy tissues. PAI probes such as pul8/AHCCL (AHCCL—ammonium
hydrogen carbonate encapsulated in liposomes) and CD44v6-pul8/AHCCL with im-
proved photoacoustic properties are nanoparticles composed of a lipid bilayer, in which
pul8 and NH4;HCOj3 aggregates are incorporated [78]. NH4HCOj5 is in the hydrophilic core
of the particle (pul8/AHCCL). After laser irradiation of the particles, pul8 aggregates are
activated to produce heat and photoacoustic signals (Figure 8). The generated heat (42 °C)
further initiates the slow decomposition of NHy;HCO3, which leads to the formation of
CO; bubbles, which significantly contribute to the long-term increase in the photoacoustic
signal (8 h). For targeted imaging of bladder tumors, the surface of the nanoparticles was
conjugated to an antibody against the surface protein CD44v6 (CD44v6-pul8/AHCCL).
This protein has been identified in the colon [79,80], breast [81], and bladder [82] cancer
cells, where it is produced to a greater extent than in healthy tissues. The CD44v6 protein
is associated with cell migration, adhesion, and tumor metastasis. By comparing the effect
of CD44v6-pul8/AHCCL on tumor and healthy human bladder tissue, a preferential
accumulation of CD44v6-pul8/AHCCL was found in tumor tissue with a clear tumor
delineation. Very small lesions (<5 mm) were also distinguished, which is a great advantage
for early diagnosis of the tumor.
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Figure 8. The diagram shows the structure of nanoparticles composed of a lipid bilayer (L-x-Phosphatidylcholine = PC,
poly(ethylene glycol) 2000 = PEG2000), in which aggregates of purpurin 18 (pul8) and NH4HCOj5 (in the hydrophilic core
of the particle) are incorporated. Under the action of laser irradiation, the pul8 aggregates are activated to produce heat and
a photoacoustic (PA) signal. The generated heat activates the slow decomposition of NH4;HCOj3, with the formation of CO,
bubbles. This ensures a long-term increase in the PA signal, which can be easily detected for several hours [78].

The problem of the application of not only PAI drugs is bioavailability, which signifi-
cantly affects the success of the whole process. An attractive approach of the preparation of
new bioavailable drugs is the creation of so-called self-assembly molecules. These are usu-
ally multifunctional nanostructures that are formed based on van der Waals or electrostatic
forces, hydrogen bonds, hydrophobic or 7-7t interactions directly in biological systems.
This approach was used by Zhang et al. [26] to prepare self-assembled PAI nanofibers that
are formed by precursor units. The precursor (pul8-PLGVRGRGD) is composed of pul8 as
a PA functional molecule, the enzymatically cleavable peptide chain Pro-Leu-Gly-Val-Arg-
Gly (PLGVRG), and the Arg-Gly-Asp (RGD) sequence targeting ocv33 integrins as tumor
cell surface structures. Under the action of the enzyme gelatinase, which occurs in tumor
cells, the structure of pul8-PLGVRGRGD is cleaved. The remaining pul8-PLG units sub-
sequently form nanofibers due to intramolecular 7-7t interactions (Figure 9). Comparison
of the effect of pul8-PLGVRGRGD with a pul8-PLGVRGRDG molecule (without target
sequence) on av[33 overexpressing U87 cells integrates and gelatinizes, confirming the
crucial role of the target motif in PA probe accumulation in tumor cells. In mice with im-
planted U87 cells, the PA signal increased already 2 h after pul8-PLGVRGRGD application.
The highest PA signal was monitored 6 h after application and a stable PA signal could be
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observed for the next 24 h. Observed PA signal after application of pul8-PLGVRGRGD,
range of double values compared to pul8-PLGVRGRDG (no target sequence), indicating
increased accumulation of pul8-PLGVRGRGD in the tumor. The formation of nanofibers
directly at the tumor site can also lead to a prolongation of the retention time of the probe
in the tumor tissue (so-called assembly/aggregation-induced retention). The half-life of
pul8-PLGVRGRGD is almost 24 h, which is six times more than in the case of the control
probe pul8-PMGMRGRGD with a change in the peptide sequence that is not recognized
by gelatinase (does not form nanofibers). In a long-term experiment with U87-xenografted
mouse cells, complete tumor disappearance occurred after 23 days of treatment with the
pul8-PLGVRGRGD probe in combination with laser treatment. The histopathological
analysis did not prove damage to other organs (the heart, liver, kidneys, lungs), while the
tumor tissue showed signs of necrosis.
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Figure 9. The scheme shows the structure of a prodrug (pul8-PLGVRGRGD) for the preparation of a targeted photoacoustic
drug. The pul8-PLGVRGRGD precursor consists of purpurin 18 (pul8), Pro-Leu-Gly-Val-Arg-Gly (PLGVRG) as the
enzyme-responsive peptide linker, and Arg-Gly-Asp (RGD) as the targeting ligand. Following application of the monomer
precursor, it cleaves at the PLGVRG site in tumor cells. The remaining pul8-PLG units form nanofibers (NFs), which exhibit
an enhanced photoacoustic signal [26].

The self-assembly of nanofibers from preformed nanoparticles directly inside cells
was an approach used by Zhang et al. [83]. This study was based on the assumption that
the formation of nanofibers is dependent on several factors such as concentration of the
precursor, ionic strength, and temperature. A transformable polymer-peptide conjugate
PKK-S-PEGm was created, which were composed of the cytotoxic peptide KLAKLAK that
binds to the mitochondrial membrane, hydrogen-bonding peptide Lys-Leu-Val-Phe-Phe
(KLVFEF), glutathione-responsive motif disulfide bond linked to PEG chain, and photoa-
coustic/photothermal molecule pul8 [83]. PKK-S-PEG probes were prepared in the form
of 40-nm nanoparticles, which are transported into cells by endocytosis. Upon entry inside
the cells, disulfide bridges are cleaved by glutathione, thereby removing the PEG chain
stabilizing the spherical structure of the nanoparticle. The nanoparticles are then gradually
transformed into nanofibers, which are formed owing to the hydrogen bonds of the KLVFF
motif. The morphological change of nanoparticles into nanofibers can be accelerated by
laser photoactivation of the particles. Due to the presence of pul8, heat is generated after
laser illumination, which accelerates the transformation of nanoparticles into nanofibers
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up to four times (Figure 10). Cytotoxicity assays on the HeLa, MCF-7, and 1.929 cell lines
showed increased cytotoxicity and higher number of apoptotic cells treated with PKK-
S-PEG in combination with laser illumination than in non-illuminated cells. Due to the
assay on BALB/c mice transplanted with Hela cells, increased accumulation and retention
time of the drug in the tumor tissue was observed. Due to the formation of photoacoustic
waves, it was possible to monitor the formation of nanofibers and the movement of the

drug in real-time.
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Figure 10. The diagram shows the chemical structure of the polymer-peptide conjugate PKK-S-PEG. It is composed of the
cytotoxic peptide Lys-Leu-Ala-Lys-Lu-Ala-Lys (KLAKLAK), which binds to the mitochondrial membrane, a hydrogen-
bonding peptide motif Lys-Leu-Val-Phe-Phe (KLVFF, originated from the A protein), the hydrophobic unit of poly(ethylene
glycol) = PEG, which is attached via a disulfide bridge, and the photoacoustic/photothermal molecule pul8. Drug monomers
are spontaneously packaged into nanoparticles, which are transported into cells by endocytosis. Upon entering the cells,
the PEG chain is cleaved leading to the spontaneous transformation of nanoparticles (NPs) into mitochondrially targeted

nanofibers (NFs). The conversion in NFs can be accelerated photothermally [83].

A similar approach was used by Zhou et al. [25], who studied the properties of self-
assembly of molecules composed of pul8 and the amino acid arginine to monitor the
aggregation process by PAI in vivo [25]. The prepared derivatives PA1, PA3, and PA7
differed from each other in the number of arginine units (1, 3, 7), from which the spectral
properties, the ability to form aggregates, and the morphology of the formed particles are
derived. In the case of monomeric pul8, there was a redshift of the Qy band from 700 to
750 nm during the aggregation process, which indicates the formation of J-type aggregates.
At the same time, the fluorescence signal gradually decreased. In the case of monomers
PA1, PA3, and PA7, the extinction coefficients (at 700 nm, in dimethylsulfoxide) increased
at the same concentration together with the increasing number of arginine units. In an
aqueous environment, where conjugates aggregated, higher solubility was observed with a
higher number of arginine units leading to less redshift due to hydrophobicity and positive
charge of the conjugates. With a higher number of arginine units, a reduced ability to form
aggregates and a weak 7-7 interaction were also observed for PA7. The same result was
shown by the measurement of the fluorescence intensity; in the case of PA1, there was a
complete loss of fluorescence, which indicates that all monomers undergo to an aggregated
state. In contrast, PA7 showed a similar level of fluorescence in the aqueous medium as
in the monomeric state. The fluorescence intensity of PA3 was reduced in the aqueous
medium, but it was not completely lost. In aqueous media, both PA3 and PA7 are likely to
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occur in both monomeric and aggregated states. On the contrary, it is known that as the
fluorescence signal decreases, the PA signal increases. In connection with the photoacoustic
signal, the heat conversion efficiency of the conjugates was studied. A 3-fold increase in
heat conversion efficiency was observed for the PA1 and PA3 aggregates compared to
their monomeric state. An increase in heat conversion efficiency was also observed for
PA7, although not to such an extent. The degree of aggregation of the conjugates in the
aqueous medium correlated with heat conversion efficiency, which is proportional to the
photoacoustic signal. Zhou et al. [25] also defined the relationship between the degree of
aggregation and the relative photoacoustic ratio as a useful tool for aggregation research.

RGD-Dex/NPBA-pul8 (RDNP) monomers were generated to monitor targeted drug
delivery, and the structural changes induced by the acidic environment of the cells. By
different molar ratios of biocompatible peptide Cys-Gly-Gly-Arg-Gly-Asp (RGD) with
dextran (RGD-Dex) as a carrier and a photoacoustic probe pul8 modified with boric acid
(NPBA-pul8), a total of five types of monomers (P1-P5) with different properties were
prepared. It was found that when NPBA-pul8 is in a 3-fold and higher molar excess over
RGD-Dex, RDNP monomers in an aqueous medium can be self-assembled into nanoparti-
cles [84]. The hydrophobic NPBA-pul8 forms a core of nanoparticles that is surrounded by
a hydrophilic RGD-Dex. It serves to stabilize the nanoparticle. In an acidic environment,
RDNP may cleave due to a pH-dependent phenyl borate bond. The released NPBA-pul8
can repackage into the structure of highly organized nanofibers due to high hydrophobicity
and 7-t interactions (Figure 11). After laser irradiation, it is then possible to monitor the
PA signal and distinguish the structural changes that are characteristic for the monomeric
and aggregated state of NPBA-pul8. P2 (single-stranded) and P5 (nanogranulated) la-
beled with Cy5 were used for cell entry assays in HeLa cells. Based on the intensity of
the fluorescent signal, it was determined that P5 internalized into cells more efficiently
than P2 by caveolae-mediated and clathrin-mediated endocytosis. Both conjugates were
localized in cell lysosomes/endosomes. 1h after the treatment of HeLa cells with P5, an
increasing photoacoustic signal was detected and after 3 h when all nanoparticles were
likely to dissociate to form NPBA-pul8 aggregates, a stable PA signal was achieved. The
entire process of structural transformation of RDNP was monitored in real-time using PAI,
which makes this method an important tool for following many cell processes, such as
targeted drug delivery or autophagy, which is often connected to cancer.

In general, autophagy is a natural catabolic process, in which proteins, organelles,
and other cell components are degraded. It is one of the essential cellular processes for
maintaining homeostasis, which occurs in response to stressful conditions such as hypoxia,
presence of ROS, or lack of nutrients. Some drugs, such as DOX, have been reported to
up-regulate autophagy, which can, however, paradoxically lead also to resistance of the cell
to chemotherapy [85,86]. Therefore, autophagy inhibitors are commonly co-administered
with chemotherapeutics to help increase the success of anticancer therapy [87]. However,
the combination of these drugs often leads to high systemic toxicity and damage to the
organism. Thus, preventive monitoring of autophagy in real time, directly in tumor cells
using PAI, could be beneficial. With this goal, Lin et al. [88] developed a novel photoacoustic
in vivo self-assembled probe (DDP18, Figure 12). It is composed of hydrophobic pul8 as
a signaling molecule, Gly-Lys-Gly-Ser-Phe-Gly-Phe-Thr-Gly (GKGSFGFTG) peptide, the
cleavage site of autophagy-related cysteine protease, and poly(amidoamine) dendrimer,
which serves as a carrier increasing the solubility and biocompatibility of the molecule.
Upon entry of the probe into cells undergoing autophagy, the pul8 residue is enzymatically
cleaved with a linker to aid in its folding.
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Figure 11. The diagram shows the structure of the photoacoustic drug RDNP. The drug monomers consist of dextran that
serves as a carrier, a biocompatible peptide Cys-Gly-Gly-Arg-Gly-Asp (RGD), and a photoacoustic probe pul8, which is
modified with boric acid. RDNP monomers spontaneously form nanoparticles (NPs) in an aqueous environment, which
can be cleaved to form highly organized nanofibers (NFs) upon transition to the acidic environment of tumor cells. The
conversion of NPs to NFs can be monitored in real-time using photoacoustic imaging [84].
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Figure 12. Chemical structure of photoacoustic in vivo self-assembled nanoprobes for imaging and quantitative detection
of autophagy. The molecule is composed of poly (amidoamine) dendrimers (PAMAM), the specifically cleavable peptide
Gly-Lys-Gly-Ser-Phe-Gly-Phe-Thr-Gly (GKGSFGFTG), and purpurin 18 (pul8) [88].

It has been reported that pul8 in the form of aggregates /nanostructures has a higher
photoacoustic response after laser activation than free pul8 due to a change in photothermal
conversion capacity [78,89]. Simultaneously with the increase in the PA signal, a decrease in
pul8 fluorescence was observed. When verifying the cytotoxic effects in the MCF-7 cell line,
very low cytotoxicity was found both without and after laser treatment of the cells under
conditions corresponding to PAI (735 nm, 100 mW, 10 s), the rate of the photoacoustic signal
was also very low (autophagy was not detected). When cells treated with DPP18 were
simultaneously treated with an autophagy inducer, a significant increase in photoacoustic
signal was measured after laser irradiation. Using DPP18 in vivo in mice, it has been
shown that monitoring tumor autophagy with PAI can be successfully used to optimize the
dosing schedule of the chemotherapeutic DOX in combination with the autophagy inhibitor
hydroxychloroquine. Mice treated with the adjusted dosing regimen showed similar tumor
growth suppression as mice treated with the traditional dosing regimen. Besides, however,
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no significant weight loss of the mice or a decrease in white blood cell and platelet counts
were observed with the adjusted dose, suggesting an overall better physical condition of
the animals. The use of PAI can thus be a promising tool for personalized medicine.

7. Photothermal Therapy

The basic component of PTT is, as in the case of PDT, a photosensitive drug molecule
that is activated by laser light, usually at near-infrared wavelengths. PTT, however, con-
verts light energy absorbed by a photosensitive drug into thermal energy, which can heat
the target tissue to more than 43 °C, leading to DNA damage, denaturation of proteins, and
subsequent apoptosis or necrosis. The type of cell death depends on the drug and the type
of laser irradiation (laser energy, number of pulses, duration of irradiation) used. As PTT
does not require the presence of oxygen in the tissues, it is also suitable for hypoxic tumors,
which are often resistant to classical therapy [90]. Nanoparticles of inorganic origin are often
used as PTT drugs, including porphyrins, which are usually modified into a nanoparticle
structure. However, due to the similarity of PTT and PDT, it is possible to often come across
combined drugs that utilize properties of both PTT and PDT to increase the antitumor effi-
cacy. Kim et al. [91] prepared a complex of combined PTT/PDT gold-nanorods (GNR-PS).
The formulation is based on GNR composed of hydrogen tetrachloroaurate (III) trihydrate
(HAuCly-3H;,0) and cetyltrimethylammonium bromide, which is, however, cytotoxic. For
this reason, the layer-by-layer method was used to prepare GNR-PS using cationic poly
(allylamine hydrochloride), which suppresses the cytotoxicity of cetyltrimethylammonium
bromide and is important for the formation of a dual PTT/PDT system using pul8 as a
PS. Verification of the PTT and PDT effects of the GNR-PS drug was performed in A549
cells. After the cell treatment with the GNR-PS, they were photoactivated with a laser
(808 nm, 120 J-cm~2, 1 min) for PTT induction followed by a halogen PDT-inducing lamp
(a band-pass filter 640-710 nm, 2 J-cm~2, 15 min). PTT/PDT-treated cells showed the
highest decrease in viability (39% of viable cells) compared to single therapies (PDT = 90%,
PTT = 73% of viable cells). At the same time, no toxicity of GNR-PS without illumination
was observed in the evaluated concentration range (1-20 uM). The results also showed that
within 1 min after the PTT, 57% of the pul8 contained in the GNR-PS was released and
without photoactivation only 2% within 60 min. The combined GNR-PS drug effectively
utilizes the synergistic effect of PTT/PDT and is a potent antitumor drug.

8. Phototeranostic

The aforementioned methods might all be combined. Moreover, it is possible to
combine them with diagnostic tools, which is clinically a very interesting and more and
more emerging approach, generally called theranostics. Theranostics represents therapy
and diagnosis of a disease covered by a single substance or particle, which, in general,
can exhibit very diverse biological activities. The therapeutical part may consist of all
possible currently known chemotherapeutics, the structure of which can be modified and
linked to the diagnostic part. Diagnosis, in this case, is provided usually by radioactivity or
fluorescence of the particular substance. Nevertheless, also other clinical diagnostic tools
are being involved, such as magnetic resonance, computer tomography, and others [92].
Pul8 and related derivatives are also being developed for such applications. The advantage
of pul8 is the ability to absorb light and emit fluorescence. Once delivered into pathological
cells, this ability can be utilized for tumor imaging. Zhang et al. 2018 synthesized pH-
dependent pul8 loaded GO particles, which were stable at physiological pH, and at low
pH, often occurring in tumors, released free pul8. This might be detected by increased
fluorescence and, thus, display the tumor. Such particles have also a better ability to yield
singlet oxygen (62.6% quantum yield) compared to free pul8 (58.82%). In HepG2 cells, ICs,
of GO-pul8 after 10 min of irradiation was 1.39 & 0.38 pg-mL~!, whereas that of free pul8
was 5.3 £ 0.79 ug-mLfl. The viability of cells without irradiation was higher than 90% for
all the studied concentrations [39]. Generally, pul8 has cytotoxic and fluorescent properties,
which makes this compound alone a theranostics agent. Thus, the only question is, how to
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efficiently and specifically deliver this substance to cancer cells and how to preserve its
fluorescent and phototoxic properties. The answer might be again proper derivatization.
Sun et al. [93] developed a theranostic system consisting of self-assembled nanoparticles
(ppul8-lipos) of lipid-pul8 of 2 mol% and 65 mol% concentrations and pure lipids. The
lipid-pul8 derivatives were created by the reaction of pul8 and 1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine. Ppul8-lipos enabled trimodal in vivo imaging by fluorescent
and photoacoustic methods and magnetic resonance (Figure 13). The fluorescent signal
was observed in vitro more after low-density particle treatment because pul8 in higher
concentrations formed aggregates, which caused fluorescence quenching. Photoacoustic
signals, on the contrary, increase linearly with pul8-lipid concentrations, since such signals
correlate with the thermal expansion of laser irradiated materials. Magnetic resonance
signal, which was enabled by treatment with ppulS—lipos—anJr chelates, also increased
with ppul8 concentration. A potent therapeutic effect of the ppul8-lipos particles was
achieved by PDT and PTT in combination and, also, activation of the immune response was
detected after laser irradiation. The synergism of PDT and PTT was followed in vivo in
mice bearing 4T1 breast tumors. Astonishing 90% inhibition of tumor growth was achieved
with a concentration of ppul8, which was 6 mg-kg~! lower than that for PDT and PTT
alone. Importantly, the advantageous layout of the experiment seems to be a pretreatment
of low-density particles and laser activation, because PDT ensures more facile endocytosis
of further pul8-lipid particles and subsequently more efficient PTT [93].
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W /\/\O P\O/\/N\
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Figure 13. The diagram shows the structure of a combined photodynamic/photothermal drug, which is composed of pur-
purin 18 (pul8), a hydrophobic part formed by C-16 acyl, and a hydrophilic choline unit. Ppul8-lipid drug monomers form
self-assembled liposomes, which can be used as combined theranostics for PDT/ fluorescence imaging or PTT/photoacoustic
imaging, depending on the amount of pul8 used (mol%) [93].

9. Conclusions

Chlorophyll and its natural metabolites are a very valuable tool in the development
of novel anticancer drugs. In particular, one of its metabolites pul8 is a very potent multi-
functional molecule that can be used in several anticancer therapies such as PDT, SDT, and
PTT, but also in theranostics and tumor imaging for their early diagnosis, e.g., by PAI All
these applications are possible due to the structure of pul8, which allows strong energy
absorption and further transfers of this energy leading to the creation of cytotoxic ROS, heat,
or fluorescent signal. Another great advantage of pul8 is its low systemic toxicity in the
dark environment, thus, causing low side effects during the therapy. Unfortunately, further
advancement into clinics is hampered by its low water solubility. However, this problem
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can be easily overcome by its derivatization, which leads to the synthesis of many potent
conjugates. Owing to its facile derivatization and unique properties, pul8 represents an
effective tool for the development of novel PSs and multimodal drugs, which seem to be
the future of anticancer therapy.
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Abbreviations

2D two-dimensional materials

3D three-dimensional materials
AHCCL ammonium hydrogen carbonate encapsulated in liposomes
Chl chlorophyll

Chla chlorophyll a

Chlb chlorophyll b

Cytc cytochrome ¢

DNA deoxyribonucleic acid

DOX doxorubicin

DPHNGs well-designed prodrug nanogels
ER endoplasmic reticulum

GNPs gold nanoparticles

GNR gold nanorods

GO graphene oxide

HCPT 10-hydroxycamptothecin

ICsg half maximal inhibitory concentration
IL ionic liquid

LED light-emitting diode

MPPa methyl pyropheophorbide

MSC mesenchymal stem cells

NFs nanofibers

NIR near-infrared region

PAI photoacoustic imaging

Pba pheophorbide a

PDT photodynamic therapy

PEG polyethylene glycol

PMTEMA  poly[2-(methylthio)ethyl methacrylate]
POEGMA  poly(oligoethylene glycol) methacrylate

PS photosensitizer

PTT photothermal therapy

Pul8 purpurin 18

Pul8ME purpurin 18 methyl ester

RBCM red blood cell memembrane
RGD-Dex  peptide RGD with dextran

ROS reactive oxygen species

SDT sonodynamic therapy

ST sonosensitizer

WSONs water-soluble organic nanoparticles

ZnMPPa  zinc metal-introduced methyl pyropheophorbide
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Featured Application: In this study, we evaluated antioxidant effect of alginate-okra extracts
combination as topical application (ointment) for wound healing on diabetic mice. Characterization
of alginate was used to determine structural characteristics and Okra fruit extract was determined
total flavonoids content that have effect of the antioxidant properties. The antioxidant properties of
extracts combination reduce blood-glucose levels to non-diabetic conditions (normal) significantly
by topical application of diabetic open wound. These conditions can accelerate the activities
of wound-healing processes on diabetic mice. The activities of wound-healing processes were
performing periodically by histopathology test on skin tissue to evaluated wound healing parameters
(wound area, neutrophils, macrophages, fibrocytes, fibroblasts and collagen densities).

Abstract: Diabetes mellitus is a group of metabolic disorders characterized by high blood-glucose
levels over a prolonged period that causes complications when an open wound is present. Alginate
is an antioxidant and a good absorbent of exudates. Okra fruit contains flavonoids that can act
as antioxidants. The antioxidant properties of extracts combination reduce blood-glucose levels
significantly to accelerate the activities of wound-healing processes on diabetic mice. Alginate was
characterized by Size Exclusion Chromatography-Multiple Angle Laser Light Scattering (SEC-MALLS),
thermal stability and Proton Nuclear Magnetic Resonance ('H-NMR). The evaluation of wound
healing on 36 male mice were divided into 12 groups including normal control (NC), diabetics control
(DC), alginate (DA) and alginate—okra (DAO) groups in three different times by histopathology test
on skin tissue. The results of SEC-MALLS analysis showed that alginate as single and homogeneous
polysaccharide. The 'H-NMR spectrum showed that the mannuronate/guluronate ratio of the
used alginate was 0.91. Alginate, okra fruit extract and their combination were classified as
moderate and strong antioxidants. The numbers of fibrocytes, fibroblasts, collagen densities had
significantly increased from three to seven days. In contrast, wound width, neutrophil, macrophages
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had significantly decreased at 14 days. The administration of extracts combination increased the
re-epithelization of the wound area and wound-healing process on diabetic mice.

Keywords: alginate; Sargassum duplicatum; okra; antioxidant; diabetic; wound healing

1. Introduction

Diabetes mellitus (DM) is a disease that causes complex metabolic disorder associated with insulin
resistance, impaired insulin signaling, 3-cell dysfunction, abnormal glucose levels and changes in lipid
metabolism [1]. The condition of high blood-glucose level (hyperglycemia) is caused by impaired
of insulin production or secretion, insulin resistance. Hyperglycemia causes an increase of reactive
oxygen species (ROS) levels which is not counterbalanced by an adequate supply of antioxidants.
This imbalance can cause oxidative stress which is the source of the development of diabetes mellitus
complications because it triggers the development of insulin resistance [2]. Complication of diabetes
mellitus causes chronic wound healing disorders such as inflammation, tissue formation granulation,
re-epithelization and tissue renovation [3].

All these complications often result in open wounds with long-term healing problems that
frequently cause the need of amputation. Epidemiological data report that 2.8% of the world’s
population suffered from diabetes in 2000, and the trend is expected to increase up to 4.4% by 2030
and also the percentage of amputation in diabetic wounds is expected to increase to about 50-70% [4].
The excessive generation of ROS in diabetic conditions is caused by acute serum glucose and the
accumulation of advanced glycation end-products (AGEs). Endogenous or externally supplied
antioxidants (due to inadequate supply of antioxidants) can lower ROS levels through the reduction of
cellular molecular oxidation. Antioxidants obtained can neutralize the oxidative stress to improve
wound healing in diabetes [5].

Wound-healing processes in diabetic mice have been usually treated performed in general through
the administration of topical medications, topical or systemic antibiotics and vascular reconstruction.
However, open wound healing has a weakness due to the use of chemical substances that cause
long-term side effects in diabetics [6,7].

Alginate is a natural polysaccharide produced from Sargassum sp. (among others) containing
a-L-guluronic acid (G) and 3-D-mannuronic acid (M) residues [8]. Alginate—in form of hydrogels,
foams, films, nanofibers, topical formulations or wafers—has been widely used as bioactive dressing for
wound healing [9]. As other biocompatible materials, alginate can be loaded natural compound or drugs
for improved wound-healing process like simvastatin [10], honey [11], Aloe vera [12], curcumin [13].
Alginate can maintain a moist condition in the wound area and acts as antibacterial and antioxidant
agent, absorb wound exudate as a hemostatic agent [14-16]. Moreover, alginate with composition of
guluronic acid residue (G) higher than Mannuronic acid residue (M) produce a more rigid structure,
thereby increasing the availability of alginate ions to make it easier to absorb exudate and proton
donor in the free radical scavenging process (antioxidant), so it is easy to wound healing. Molecular
weight of polysaccharides affects the ability of radical scavenging. Reduction in molecular weight
below 12 kDa can affect the conformational chain or guluronic acid content which has an impact on the
availability of alginate ions in radical scavenging [17].

Abelmoschus esculentus L. is known as okra plant that contains many flavonoids that play a major
role acting as antioxidant agents against ROS to inhibit free radicals [18]. Hence, the okra fruit may be
used as an alternative medicine for the reduction of blood glucose and cholesterol levels as antidiabetic
and antihyperlipidemic properties [19,20]. In addition, okra fruit extract can accelerate wound healing
through the induction of the production of cytokine and growth factor productions [21].

In this study, we report the characterization of alginate from Sargassum duplicatum (J. Agardh) to
evaluate its characteristic on the wound-healing process. The novelty of this study lies in investigating
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antioxidant effect of alginate from S. duplicatum and okra fruit extracts combination for wound-healing
process in diabetic mice. The activities of wound-healing process were performed by using an
alginate—okra extracts ointment on wound performing periodically by histopathology tests on diabetic
mice skin tissues.

2. Materials and Methods

2.1. Plants Collection

Brown seaweeds of S. duplicatum were taken from Madura Island, Indonesia in May 2018.
The species was identified at Oceanographic Research Center, LIPI, Jakarta, Indonesia (Approval
Reference Number: 1/3/18-id/2018). Okra (A. esculentus) fruits were obtained from Rungkut district,
Surabaya, Indonesia. Identification of species was conducted at the Laboratory Biosystem of Biology
Department, Airlangga University, Surabaya, Indonesia.

2.2. Extraction of Sodium Alginate

The method of extraction of alginate from S. duplicatum referred to research from Great Hall of
Products and Biotechnology of Marine and Fisheries, Jakarta with modification from LIPI. Sample of S.
duplicatum was cleaned, dried and grinded. Two hundrd grams of dried sample was soaked using 0.1%
(1:75 w/v) KOH for two hours, then added of 1% (1:30 w/v) HCIl was added and let it react for an hour.
The residue was then washed with water to a neutral pH and added 2% (1:30 w/v) Na,COj3 at 60-70 °C
for two hours with constant stirring. The extract was added 10% of HCl until a pH in the 2.8-3.2 range
was reached. Two percent NayCOj3 at pH 7 was added until the formation of a gel filtrate was obtained.
Gel filtrate was bleached with 4% (1:2 v/v) NaOCl for 15 h. Filtrate was refined by using isopropyl
alcohol for 30 min to form fibers [22]. The extraction of sodium alginate powder from S. duplicatum
was pale yellow color and 12.140 + 0.684% yield based on the dry weight of brown seaweed.

2.3. Characterization of Sodium Alginate

The characterization of sodium alginate was conducted using the SEC-MALLS for determination
of molecular weight of alginate. The G/M ratio of sodium alginate from S. duplicatum was identified by
TH-NMR spectroscopy. The thermogravimetric analysis (TGA) was performed to evaluate the strength
and thermal stability of the polymer matrix by recording phase transitions and the degradation pattern
of alginate based on percent of weight loss and its decomposition under nitrogen gas. All measurements
were conducted at the Department of Chemistry, University of York, Heslington, UK.

2.3.1. SEC-MALLS

The molecular weight of pectin and its distribution were determined using the gel permeation
chromatography technique using a Shimadzu HPLC system (Shimadzu UK Limited, Milton Keynes,
UK) comprising a CBM-20A Controller, LC-20AD Pump with degasser, SIL-20A Autosampler and
SPD-20A detector; and HELEOS-II light scattering and Optilab rEx refractive index detectors supplied
by Wyatt. A PL Aquagel-OH mixed column (7.5 mm X 300 mm, 8-um particle size; Agilent Technologies,
Santa Clara, CA, USA) and a PL Aquagel-OH mixed guard column (7.5 X 50 mm, 8-pm particle size;
Agilent Technologies, USA) were used as the stationary phase with 50-mM sodium nitrate dissolved in
deionized water as mobile phase constituting. The flow rate of the mobile phase was 0.5 mL min~! [23].
The alginate solution (1.5 mg mL™1), dissolved in deionized water, were filtered through a nylon
membrane (Whatman, UK) before analysis. For the dn dc! value, 0.168 was used [24].

2.3.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

"H-NMR spectroscopy analysis was performed on a JEOL JNM-ECS400A spectrometer (JEOL,
Peabody, MA, USA) at a frequency of 400 MHz for 'H. D,0 was used as NMR solvent if not otherwise
specified. All samples were freeze dried before analysis [25]. Acquisition parameter were: T =90 °C
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and 128 scans. samples were not pre-hydrolyzed like in reference [25] since the alginate was fully
soluble in D,O.

2.3.3. Thermogravimetric Analysis (TGA)

TGA was performed on a PL Thermal Sciences STA 625 thermal analyzer (PL Thermal Sciences
Limited, Surrey, UK).-10 mg of accurately weighed sample in an aluminum sample cup was placed
into the furnace with a N, flow of 100 mL min~! and heated from room temperature to 625 °C at a
heating rate of 10 °C min~!. From the TGA profiles the temperatures at 10% and 50% mass loss (TDyg
and TDsy, respectively) were subsequently determined [26].

2.4. Extraction of Okra Fruits

Green okra fruits were cut, dried and milled until a fine powder was obtained. The sample was
soaked by using 96% ethanol (1:3 (w/v)) and the procedure was thoroughly repeated [27]. The filtrate
was evaporated under vacuum at 50 °C and then freeze dried. The sample was kept at 4 °C until
further use.

2.5. Determination of Total Flavonoids Content

The total flavonoids of the okra fruits extract were determined by colorimetric aluminum chloride
using UV-vis spectrophotometer [27]. Five milligrams of extract was added 5 mL 96% of ethanol
until 10 mL volume. Sample solution (1 mL) was put in a 10-mL volumetric flask and added 1 mL of
10% AICl3 and 8 mL of 5% potassium acetate solution. The mixtures were incubated for 30 min at
room temperature and the absorbance was determined at 431 nm. The calibration curve was made
from the standard in concentrations variation of 0.01-, 0.02-, 0.03-, 0.04- and 0.05-mg/mL quercetin,
respectively. The concentration variations of samples were made as same as standard of quercetin.
The standard curve was plotted between concentration and absorbance, so that the equation obtained
linear regression and expressed as mg quercetin equivalent (QE)/g okra fruit extract.

2.6. Antioxidant Assay

Antioxidant assay were performed on alginate and okra fruit extracts and their combination
using DPPH method. The DPPH solution was prepared as 50.0-pug/mL concentration in methanol and
extracts stock solutions were prepared as 1000.0-ug/mL concentration in methanol. The extract stock
solutions were diluted in various of concentrations in methanol as 200.0-, 150.0-, 125.0-, 100.0-, 75.0-,
50.0-, 35.0-, 25.0-, 15.0-, 10.0- and 6.0-pg/mL concentrations. Dilution series of the samples as 100 uL
and 100 pL of DPPH solution were added into 96-well plates. The mixtures were incubated in dark
chamber for 30 min and was determined the absorbance at 517 nm by using an ELISA reader [28].
The radical DPPH scavenging activity was expressed as radical DPPH scavenging percentage using

the formula:
ApppH- Asumple

Radical DPPH scavenging (%) = ——— x 100%
ApppH
where, Apppy was absorbance of DPPH solution and Agample Was absorbance of DPPH solution in the
presence of samples. ICs values of the extracts were calculated from graphs plotting of radical DPPH

scavenging (%) and concentration of the sample solutions [29].

2.7. Preparation and Induction of the Diabetic Mice

Mice (Mus musculus) adult male, BALB/c strains having 3—4 months of age and a body weight
in the 20-35-g range were purchased from Faculty of Pharmacy, Airlangga University, Surabaya.
The ethical clearance for treating animals and all the experimental protocol were approved by Faculty
of Veterinary Medicine, Airlangga University, Surabaya, Indonesia with Approval Reference Number:
2. KE. 049.04.2019 (4 April 2019). Mice were acclimated at 12-h light and 12-h dark lighting system for
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two weeks. Food and beverage were guarded during research. Mice were then fed with lard for three
weeks at a dose of 0.3 mL (oral) to obtain high fat diet. Mice were induced streptozotocin (STZ) using
multiple low dose method 30 mg/kg body weight as much as 0.15 mL for 8 days at intraperitoneal (i.p.)
to induce Type II diabetes mellitus [30]. The body weight of mice was measured before and after the
administration of lard and STZ induction. Meanwhile, the blood-glucose levels were determined after
STZ induction and after 3, 7 and 14 days of treatments.

2.8. Animal Grouping and Treatments

The thirty-six mice were divided into 12 groups: three and nine groups for non-diabetic as
normal (N) and diabetic (D) groups, respectively. Each group contains three mice for 3, 7- and 14-day
observation [24]. Non-diabetic mice were divided into 3 groups as normal control (NCs, NC7 and NCyy4),
while diabetic mice are divided into nine groups: three of diabetic control groups (DC3, DC;7 and DCy4),
three of alginate treatment groups (DA3, DA7 and DA14) and three of alginate—okra treatment groups
(DAO3, DAO; and DAO14) were given the Vaseline, Vaseline-alginate and Vaseline-alginate-okra
ointments, respectively. The ointment was homogenized as single dose of 50 mg/kg body weight.
The replication of the animal was based on the formula of Federer (1967) [31]. Mice were wounded to
give 1-cm length wounds on the glutea (buttocks).

2.9. Wound Healing Observation

The histopathology preparation of skin tissue was conducted based on the method which was
performed by the laboratory of Veterinary Pathology of Airlangga University. The histopathology test
was observed in some parameters of wounds such as number of neutrophils, macrophages, fibrocytes,
fibroblasts, collagen densities and cell regeneration areas (wound width) using a light microscope and
the Image] software. Neutrophils were recognized as polymorphonuclear cells, lobulated nucleus
which have small granules in their cytoplasm. Macrophages in connective tissue of healing area
derived from monocytes which were identified as large, round cells with round nucleus and often
have vacuolated cytoplasm because of their phagocytic activity. Fibroblasts are large flat and irregular
shape cells, containing an oval prominent shaped nucleus and basophilic cytoplasm. In contrast,
fibrocytes are inactive form of fibroblast which have darkly stained elongated nuclei, spindle shape
and acidophilic cytoplasm.

2.10. Statistically Analysis

All the observations of wound healing were presented as a mean =+ standard error mean (SEM).
The statistical analysis of wound healing observations was performed using normality and homogeneity
test, one-way ANOVA and Duncan test. Nonparametric of Kruskal-Wallis and Mann-Whitney test were
used if the results of normality and homogeneity were not qualified (« = 0.05). The difference between
the various mean were calculated by using IBM company (Corporate headquarters 1 New Orchard
Road Armonk, New York 10504-1722, United States US: 914-499-1900) with the SPSS 20.0 software.

3. Results
3.1. Characterization of Sodium Alginate

3.1.1. Analysis of SEC-MALLS

Sodium alginate from S. duplicatum was characterized by SEC-MALLS to determine molecular
weight and polydispersity index. The average molecular weight of alginate S. duplicatum was
determined via SEC-MALLS analysis (Figure 1a). Sodium alginate extracted from S. duplicatum
contains polysaccharides with weight-average molecular weight (M,,) and number-average molecular
weight (My) of 3.535 x 10* g/mol and 2.015 x 10* g/mol, respectively. Molecular weight of commercial
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alginate products from brown seaweed about 0.32-4.0 x 10° g/mol [32]. Alginate’s dispersity (My/Mn)
was 1.76, showing a good homogeneity of the polysaccharide alginate from S. duplicatum.

3.1.2. Thermogravimetric Analysis (TGA)

TGA was required to check the thermal stability and strength of the polymer matrix. TGA was
used to determine the degradation temperature and the overall thermal stability of alginate. Thermal
stability and strength of the polymer matrix of the alginate from S. duplicatum was determined via
thermogravimetric analysis (Figure 1b). The 5% of the mass was lost (TDs) at 75 °C, it indicated that
water loss. The 10% of the lost mass (TD;g) occurred at a temperature of 140 °C. The temperature when
20% of the mass was lost (TDyg) occurs at 223 °C. That is indicated as the destruction of the glycosidic
bond [33]. The 50% of the lost mass (TDs) occurred at 380 °C. That is indicated as the material of
carbon intermediates charcoal [34].
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Figure 1. (a) Size Exclusion Chromatography-Multiple Angle Laser Light Scattering (SEC-MALLS)
profile and (b) TGA of the sodium alginate from Sargassum duplicatum.

3.1.3. Proton Nuclear Magnetic Resonance (*H-NMR) Analysis

The analysis was done according to Llanes et al. [25]. "H NMR spectra analysis was used to
determine the Mannuronate/Guluronate (M/G) ratio of the used sodium alginate. Quantitatively, the
guluronic and mannuronic mole fractions were associated with the area signal or integration of the
respective peaks. The integration obtained is shown in I (guluronate peak area of G1) 5.5-5.7 ppm, Iy
(mannuronate peak area of M) 5.1-5.4 ppm, I¢ (guluronic peak area of Gs) 4.9-5.1 ppm. The mole
fraction of each composition of Fy; and Fg is used to determine the M/G ratio of alginate with the
equation referring to the research of Grasdalen et al. [35]. The signals of proton for alginate at 'H-NMR
spectrum has in range of 1-6 ppm. The anomer protons of each monosaccharide could be recognized
from the a-glycosides and B-glycosides of the residues. Based on the 'H-NMR spectra (Figure 2b),
the anomer protons of x-guluronate and 3-mannuronate were shown on the G; and M; proton at &
5.6 and 5.1 ppm, respectively. Both signals are the most deshielded proton because both protons are
attached to anomeric carbon. The signals of 5-6 ppm belong to anomeric proton of the x-glycosidic or
a-guluronate and the signals between in the range of 4.3-5 ppm belong to proton of 3-glycosidic or
B-mannuronate [36]. The proton of x-glycosidic is more deshielded than B-glycosidic because it is
located at equatorial position as compared to axial position. Llanes et al. [25] showed proton signals of
sodium alginate from Sargassum sp. that G1, M, G5 proton at 6 5.07, 4.68 and 4.45 ppm. The M/G
ratio of the mannuronic and guluronic acid residues can be determined from the integration of the
respective peaks of the 'H-NMR spectra [37]. The M/G ratio and 7 value of alginate S. duplicatum were
0.91 and 0.68, respectively. The chemical structure of mannuronic acid and guluronic acid could be
shown in Figure 2c,d.
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Figure 2. (a) 'H-NMR spectra of sodium alginate from S. duplicatum; (b) details of TH-NMR spectra;
(c) structure of mannuronic acid; (d) structure of guluronic acid.

3.2. Total Flavonoids Content and Antioxidant Assay

The total content of flavonoids of okra fruit extract was 43.96 mg (QE)/g or 4.40% (y = 0.0105x —
0.0161; R? = 0.9989). The parameter used to study the antioxidant activity is the value of inhibition
concentration (ICsp) and it is classified in to 5 groups (very strong/highly active, strong/active,
moderate, weak, inactive) [38]. In this study, ascorbic acid was selected as reference antioxidant (strong
antioxidant). ICsy was determined using DPPH method based on the percentage of DPPH radical
scavenging activity. The ICs, value of alginate S. duplicatum was 125.31-pg/mL (y = 0.2657x + 1.7814;
R? = 0.959). Okra fruit extract and alginate—okra fruit extracts combinations (AOEs) showed strong
antioxidant comparable to ascorbic acid. As reported in Table 1 the ICs value of the okra fruits and
of alginate-okra fruits extracts combination were 65.87-ug/mL (y = 0.097x + 43.611; R? = 0.9567) and
79.34-ug/mL (y = 0.3384x + 13.957; R? = 0.9681), respectively.

Table 1. Antioxidant activity of alginate, okra fruit and alginate—okra fruit extracts combinations (AOEs).

Sample of Extracts ICs0 (ng/mL) Classification
Sodium alginate S. duplicatum 125.31 Moderate antioxidant
Okra fruit 65.87 Strong antioxidant
Alginate—okra extracts combination 79.34 Strong antioxidant
Ascorbic acid 55.89 Strong antioxidant

3.3. Determination of Weight on Mice

The results showed that the administration of lard for 3 weeks with a dose of 0.3 mL per oral could
increase the weight of the body significantly (x < 0.05) from 27.26 + 4.23 g to 33.25 + 2.97 g. Obesity of
mice was characterized by increased weight after the administration of lard. (Data Not Shown)
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3.4. Determination of Blood-glucose Levels

Alteration in blood-glucose levels on Day 1 to 14 after STZ induction and topical treatment is
shown in Table 2. STZ was able to increase blood-glucose levels > 250 mg/dL on Day 1 which showed
all diabetic groups in suffering of diabetes. Alginate administration did not lead to significantly lower
blood-glucose levels (x > 0.05) from Day 1 (251.50 + 7.78 mg/dL) until Day 7 (229.50 + 7.78 mg/dL) but
decreased significantly at Day 14 (208.00 + 8.49 mg/dL) if compared to the first day. In contrast, the
topical treatment of alginate—okra could decrease the glucose levels significantly (« < 0.05) from Day 1
(256.50 + 19.09 mg/dL) until Day 14 (115.00 + 19.06 mg/dL).

Table 2. Total blood glucose of mice on Days 1, 3, 7 and 14 after treatment.

Blood-glucose Level (mg/dL)

Group Treatment
Day 1 Day 3 Day 7 Day 14
Normal (NC) 111+99 1105 +7.8 107.5 £ 5.0 120.0 + 14.1
Diabetic (DC) 269.5 + 16.3 2525+ 19.1 287.5+ 149 220.0 +24.0
Alginate ointment (DA) 2515+78 239.5+27.6 2295+78 208.0 + 8.5

Alginate-okra ointment (DAO) 256.5+19.1 169.5 +£24.8 182.5+13.4 115.0 £19.1 %

Letter notation on the table shows the result of the statistical test (o« < 0.05). (*) notation shows insignificant
differences with NC, but significant differences with DC. * = 0.01 < « < 0.05. 7 = 3 animals per time point.

3.5. Histological Analysis of Wound Tissue

Histological analysis of the width of the wound was indicated by yellow line an area of
re-epithelization on the wound (Figure 3). The re-epithelization area increased on Day 7 for both
DA and DAO and wounds closed occurs on Day 14 for each group. The DAO groups showed that
complete re-epithelization and faster than other groups and proved by histology on Day 7 and 14.

NC DC DA DAO

Day 3

Day 7

Day 14

Figure 3. Histology of the wound width indicated by the yellow arrow. NC—normal control group;
DC—djiabetic control group; DA—alginate treatment group; DAO—treatment of alginate—okra fruit
extracts. All groups have three variation times.

Wound parameter such as neutrophils (pale green), macrophages (yellow), fibrocytes (green),
fibroblasts (blue) and collagen densities (orange) showed by histology magnification of wound width
(Figure 4). The number of neutrophils reaches the maximum at Day 3 while it decreases from Day 3
to Day 7 and 14 for all studied groups. The number of macrophages reaches the maximum at Day 7
while it decreased at Day 14 for all groups. The DC group was evidenced by the highest concentration
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of macrophages when compared to other groups. Fibrocyte and fibroblast were found in the Day 7
for re-epithelization and decreased in the Day 14, as they have formed collagen fibers for all groups.
The DC group was found a number of fibrocytes, fibroblasts and the least formation of collagen fibers
in the group.

Day 3

Figure 4. Histology of wound parameter including neutrophils— " ; Macrophages—  ; Fibrocytes—A;
Fibroblasts—A; Collagen density—®; NC—normal control group; DC—diabetic control group;
DA—alginate treatment group; DAO—treatment of alginate—okra fruit extracts. All groups have three
variation times.

3.6. Analysis of Wound Parameter

3.6.1. Wound-Width Measurement

The difference in the wound width parameter of each group for time variation is shown in Figure 5.
The wound width of diabetic DC group was significantly decreased from Days 3 to 14. DC group
showed significant difference to normal NC group and diabetic groups as DA, DAO treated with
alginate and okra fruit extracts ointment (« < 0.05). Treatment group of DA and DAO were significantly
decrease on Days 3 to 14 and they showed significant difference on Days 3 to 7. It showed that okra fruit
extracts combination plays an important role in wound closure. No significant differences between
DAO group and normal group (NC) on Days 3, 7 and 14 (x > 0.05) was observed. This indicates that
the topical administration of alginate and okra fruit extracts combination can increase re-epithelization
of the wound area in comparison to the control group. Diabetic group (DC) showed that still has
wound width on Day 14. Otherwise, NC, DA and DAO groups showed no wound width on Day 14
and it indicated a complete wound closure.
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Figure 5. Graph of the wound width parameters. Notation on the graph shows the result of the statistical
test (ov < 0.05). (**) notation shows insignificant differences with NC, but significant differences with
DC. ** = & < 0.01. NC—normal control group; DC—diabetic control group; DA—alginate treatment
group; DAO—treatment of alginate—okra fruit extracts. All groups have three variation times.

3.6.2. Neutrophil Measurement

The differences in the number of neutrophils of each group in variations of time were represented
in Figure 6. There were significant differences in the number of neutrophils parameters between
treatment groups and DC group (« < 0.05), but no significant differences between the treatment group
and the NC group (« > 0.05) were observed. The number of neutrophils increased on Day 3 and
decreased on Day 7 and 14 for all groups.
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Figure 6. Graph of the number of neutrophils. Notation on the graph shows the result of the statistical
test («x < 0.05). (*) and (**) notation shows insignificant differences with NC, but significant differences
with DC. * = 0.01 < « < 0.05; ** = « < 0.01. NC—normal control group; DC—diabetic control group;
DA—alginate treatment group; DAO—treatment of alginate—okra fruit extracts. All groups have three
variation times.
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3.6.3. Macrophage Measurement

The difference in the number of macrophages each group in time variations were represented
in Figure 7. Similar to the neutrophil parameter, the number of macrophages of DAO group was
significant difference to the DC (o« < 0.05), but no significant difference with NC group (« > 0.05).
The increase of macrophages occurred up to Day 7 and decreased on Day 14 for all groups.
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Figure 7. Graph of the number of macrophages. Notation on the graph shows the result of the statistical
test (ov < 0.05). (**) notation shows insignificant differences with NC, but significant differences with
DC. ** = & < 0.01. NC—normal control group; DC—diabetic control group; DA—alginate treatment
group; DAO—treatment of alginate—okra fruit extracts. All groups have three variation times.

3.6.4. Fibrocyte and Fibroblast Measurements

The difference in the number of fibrocytes and fibroblasts of each group in time variations are
shown in Figure 8a,b. There were significant differences between DAO treatment with DC groups
(x < 0.05), but no significant difference with NC group (« > 0.05). The number of fibrocytes and
fibroblasts increased on Day 7 and decreased on Day 14 for all groups.
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Figure 8. (a) Graph of the number of fibrocytes; (b) graph of the number of fibroblasts. Notation on
the graph showed the result of the statistical test (x < 0.05). (*) and (**) notation shows insignificant
differences with NC, but significant differences with DC. * = 0.01 < a < 0.05; ** = & < 0.01. NC—normal
control group; DC—diabetic control group; DA—alginate treatment group; DAO—treatment of

alginate—okra fruit extracts. All groups have three variation times.

3.6.5. Collagen Densities Measurement

The different collagen densities of each group in time variations are shown in Figure 9. There were
significant differences between treatment groups with DC (& < 0.05), but no significant difference with
NC group (x > 0.05) was observed.
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Figure 9. Graph of the collagen densities. Notation on the graph shows the result of the statistical test
(o < 0.05). (*) and (**) notation shows insignificant differences with NC, but significant differences
with DC. * = 0.01 < « < 0.05; ** = « < 0.01. NC—normal control group; DC—diabetic control group;
DA—alginate treatment group; DAO—treatment of alginate-okra fruit extracts. All groups have three
variation times.

4. Discussion

The extraction yield of alginate from S. duplicatum was higher in comparison with the other seaweed
such as Cystoseira barbata, Dictyota caribaea and Padina perindusiata 0of9.9,7.4 and 5.4%, respectively [39,40].
However, the extraction yield was lower than alginate from C. implexa and L. variegate of 29.15 and
27.57% [41], S. angustifolium and Sargassum sp. of 40.78 and 44.32%, respectively [42,43]. In general, the
content of alginate in various types of brown seaweed varies widely are depending on species and the
method for extraction used [44]. The extraction yield and the color of alginate from S. duplicatum in
this study like to the previous published literature which have pale yellow color and 12% yield [40].

Based on result of characterization of alginate S. duplicatum, polymer of alginate S. duplicatum
is homogeneous because it has polydispersity index is less than two [45]. M, and M, of alginate
of S. duplicatum were lower in comparison to My, and M, of S. turbinarioides (5.528 X 10° and
3.852 x 10° g/mol) and S. vulgare (1.10 x 10° and 1.94 x 10° g/mol) [46,47]. Alginate of S. duplicatum
has residue of guluronate higher than mannuronate (M/G ratio = 0.91) and also it has 1 value as 0.68
(less than 1). Hence, it indicated that alginate extracted from S. duplicatum is a homopolymer block
containing polyguluronate type structure [47]. The M/G ratio of alginate S. duplicatum is higher than S.
fluitans (0.15-0.69), but lower than S. siliguosum (0.70-0.94) [48]. Some other Sargassum species have
M/G ratio about 0.8-1.4 [25].

Quantitatively, okra fruit extracts has a total flavonoid and quercetin content higher from green
okra extract of 27.0 mg/100 g and 20.03 mg (QE)/100 g [49,50]. The green okra fruits contain of flavonoid
such as a quercetin derivative. The primary flavonoids of okra fruits are up to 70% of the total
antioxidant compounds [51]. Total phenolic or total flavonoids in okra extracts play an important
role in the ability of antioxidant activity in varying percentages [14]. Antioxidant activity could be
classified based on the IC5) values, if the values less than 50 ug/mL is very strong/highly active,
51-100 pg/mL is strong/active, 101-250 pg/mL is moderate, 251-500 pug/mL is weak and more than
500 pg/mL is inactive antioxidants [38]. Okra and AOEs have strong inhibition 65.87 and 79.34,
respectively in comparison with alginate of 125.31 at the same concentration. Sodium alginate from
Cystoseira barbata inhibited of 174 radical scavenging activity of DPPH [12]. It showed that the
antioxidant activity of alginates from different species has quite different activities, because antioxidant
activity of plant extracts is associated with flavonoid or phenolic compounds in the extract and it
depends on the arrangement of structural functional groups of the extracts. In addition, the existence

69



Appl. Sci. 2020, 10, 6082

of hydroxyl group, monosaccharide composition, molecular hydrogen bonds, and molecular weight
affects the activity of antioxidants [52]. Some structural features of polysaccharides such as molecular
weight, monosaccharide composition (block G and M), availability of hydroxyl groups, and molecular
hydrogen bonds have an effect on scavenging activity. Alginate that contain block G higher than block
M have an increase in antioxidant activity due to diaxial linkage in block G. It causes the obstructed
rotation around the glycosidic linkage, so that it can reduce the flexibility of block G. it affects the
availability of the hydroxyl group and increased proton donor capability for the free radical scavenger
process in alginate molecule [47]. The addition of okra fruit extract from extracts combination on
antioxidant activity showed the flavonoid content in okra fruit extract plays an important role in free
radical scavenging. The reduction activity of phenolic hydroxyl groups causes flavonoids to contribute
hydrogen atoms so that delocalization of phenoxy radical products occurs to protect tissue damage
from ROS [53]. In this research, the addition of alginate to the extract combination reduced the ICsg
value compared to okra fruit extracts. However, alginate can stabilize flavonoids in okra fruit extracts
because G and M block residues tend to form diaxial links with intramolecular or extramolecular
hydrogen bonds in more stable flavonoid compounds [54].

The administration of lard increase hyperlipidemia and insulin resistance that leads to Type 2
diabetes mellitus which was marked by obesity [30]. Onset of obesity due to the accumulation of
excess fat can lead to chronic diseases and complications such as diabetes mellitus and cardiovascular
disease [55]. STZ administration is expected to increase the condition of hyperglycemia (increase
blood-glucose levels) and created diabetic-like syndrom [29]. The destruction of the pancreatic cells
were carried out by free radical of STZ which was toxic to the insulin sensitive tissues, so that the
secretion of insulin hormone was decrease [56]. Topical treatment using ointment was expected to
lowering blood-glucose levels that lead to the wound healing on diabetic mice. Removal of the stratum
corneum layer in the skin layer during wound formation increase skin permeability thereby allowing
the release of active compounds from topical formulations in the skin layer to enter the systemic
circulation. In addition, active compounds pass penetration through the transappendageal route
(sweat glands, hair follicles and sebaceous glands which include open channels on the outside surface
of the skin) [57,58]. Tan et al. [59] revealed that the topical application of Vicenin-2 film which is a
type of flavonoid-derived glycosides from various natural plants can reduce blood-glucose levels
in diabetic mice. Hence, that, lowering blood-glucose levels on diabetic mice can be influenced by
topical treatment of open wounds. The combination of extracts could reduce the condition of diabetes
which is demonstrated in Table 2. The value observed of DAO group at day 14 was almost the same
of the control group (115.0 + 19.1). it is indicating the potentiality of okra fruit extract in reducing
blood-glucose level on diabetic mice. Antioxidant properties can neutralize free radical damage so
that blood-glucose levels decreases. Okra fruit extract can control blood-glucose levels, as an effective
treatment for diabetic ulcers [60].

No significant differences between DAO group (2693.0 + 12.2; 917.0 + 91.3; 0 + 0 um) and normal
group (NC) (2548.0 + 187.2; 894.0 + 87.6; 0 + 0 pm) on Days 3, 7 and 14 (Table 3). This indicates that the
topical administration of alginate and okra fruit extracts combination can increase re-epithelization of
the wound area in comparison to the control group. Diabetic group (DC) showed that still has wound
width on Day 14 (424.0 + 5.2 pm). Otherwise, NC, DA and DAO groups showed no wound width on
Day 14 (0 + 0 um) and it indicated a complete wound closure.
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Table 3. Counts considering the mean and standard deviation of wound width.

Wound Width (um)
Group Treatment
Day 3 Day 7 Day 14
Normal (NC) 2548.0 + 187.2 894.0 + 87.6 0+0
Diabetic (DC) 3956.0 + 52.2 3631.0 + 74.8 4240+5.2
Alginate ointment (DA) 3240.0 £ 117.5 1229.0 £ 49.9 0+0
Alginate-okra ointment (DAO) 2693.0 £ 12.2 ** 917.0 £ 91.3 ** 0+0

Letter notation on the table shows the result of the statistical test (x < 0.05). (**) notation shows insignificant
differences with NC, but significant differences with DC. ** = & < 0.01.

The number of neutrophils increased on Day 3 and decreased up to Day 14 for all groups, due to
migration of neutrophil achieved a maximum between Day 1 and 2. The plateaued level on Day 3
and decreases on Day 5 [61]. Neutrophil secretions in diabetic conditions tend to be high compared to
the normal conditions due to high ROS/RNS levels, resulting in increased inflammation and tissue
damage [62]. This is evidence by the higher number of neutrophils on Day 3 up to Day 14 in the
diabetic control group (133.0 + 8.2; 65.0 £ 7.5, 42.0 + 4.7 cells/mm?) compared to normal control group
(58.0 +5.4; 32.0 + 0.9; 15.0 + 4.5 cells/mm?) (Table 4).

Table 4. Counts considering the mean and standard deviation of neutrophils.

Neutrophils (cells/mm?)

Group Treatment

Day 3 Day 7 Day 14
Normal (NC) 58.0 £5.4 32.0+0.9 15.0 +45
Diabetic (DC) 133.0 £ 8.2 65.0+£7.5 42.0+4.7
Alginate ointment (DA) 740+ 85* 520+0.5* 29.0+21
Alginate-okra ointment (DAO) 58.0 £ 1.9 ** 33.0+1.2* 140 £2.6**

Letter notation on the table shows the result of the statistical test (cx < 0.05). (*) and (**) notation shows insignificant
differences with NC, but significant differences with DC. * = 0.01 < & < 0.05; ** = « < 0.01.

Number of macrophages increase up to Day 7 and decreased on Day 14 for all groups, because on
the Day 7 the wound condition undergoes inflammatory and proliferation processes. For example in
the DAO group on Day 3 up to Day 7 number of macrophages increased (15.0 + 0.2; 21.0 + 1.4 cells/mm?)
and decreased on Day 14 (6.0 = 0.5 cells/mm?) (Table 5). Neutrophils were secreting cytokines and
granule proteins, which modulating monocyte or macrophage extravasation, phagocytosis and ROS
production. In diabetics, the condition of hyperglycemia increases the activity of macrophages, thereby
increasing the levels of ROS/RNS which causes a prolonged inflammatory phase [63] In addition,
hyperglycemia and oxidative stress conditions can lead to polarization and modulating macrophage
dysregulation, because change epigenic code which is inhibit the wound-healing process [64]. This is
evidence by the higher number of macrophages on Day 3 up to Day 14 in the diabetic control group
(38.0+1.4,47.0 £ 0.7, 30.0 + 0.9 cells/mmz) compared to normal control group (15.0 + 1.4;21.0 + 1.9;
6.0 + 0.2 cells/mm?).

Table 5. Counts considering the mean and standard deviation of macrophages.

Macrophages (cells/mm?)

Group Treatment

Day 3 Day 7 Day 14

Normal (NC) 150+ 1.4 21.0+1.9 6.0 +0.2
Diabetic (DC) 38.0+1.4 47.0+0.7 30.0 £ 0.9
Alginate ointment (DA) 21.0+0.5 29.0 + 3.8 11.0+ 0.7
Alginate-okra ointment (DAO) 15.0 £ 0.2 ** 21.0+14* 6.0 +£0.5*

Letter notation on the table shows the result of the statistical test (x < 0.05). (**) notation shows insignificant
differences with NC, but significant differences with DC. ** = o« < 0.01.
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The number of fibrocytes and fibroblasts increased on Day 7 and decreased on Day 14 for all groups,
because the wound conditions have peak proliferation phases for re-epithelization and angiogenesis
processes [65]. For example in the DAO group on Day 3 up to Day 7 number of fibrocyte increased
(19.0 + 1.9; 25.0 + 1.9 cells/mm?) and decreased on Day 14 (17.0+ 1.4 cells/mm?) (Table 6). The same
thing happened to the number of fibroblasts in the DAO group on Day 3 up to Day 7 increased
(20.0 + 0.7; 38.0 + 3.3 cells/mm?) and decreased on Day 14 (23.0 £ 0.7 cells/mm?) (Table 7). Macrophages
perform cytokine and growth factor secretions in the wound area to induce fibroblast migration and
proliferation, production of granulation tissues, transient extracellular matrix and angiogenesis in the
healing process. Conditions of high blood-glucose levels lead to migration and fibrocyte proliferation
disorders, fibroblasts and keratinocytes, resulting in decreased secretion of cytokine, growth factor and
extracellular matrix [63]. This is evidence by the lower number of fibrocytes on Day 3 up to Day 14 in
the diabetic control group (10.0 + 1.9; 11.0 + 2.8; 10.0 + 0.7 cells/mm?) compared to normal control group
(21.0 £ 0.9; 27.0 + 2.3; 20.0 + 0.2 cells/mm?). The same thing happened to the number of fibroblasts on
Day 3 up to Day 14 in the diabetic control group (11.0 £2.6; 20.0 + 0.9; 14.0 + 1.2 cells/mm?) compared
to normal control group (22.0 + 1.6; 41.0 = 2.4; 26.0 + 1.4 cells/mm?).

Table 6. Counts considering the mean and standard deviation of fibrocytes.

Fibrocytes (cells/mm?)
Group Treatment

Day 3 Day 7 Day 14
Normal (NC) 21.0£0.9 27.0+£2.3 20.0+0.2
Diabetic (DC) 100+ 1.9 11.0+28 10.0 £ 0.7
Alginate ointment (DA) 13.0+ 0.5 17.0+£ 09 140+12
Alginate-okra ointment (DAO) 19.0+19* 250+ 1.9* 170+ 14*

Letter notation on the table shows the result of the statistical test («x < 0.05). (*) and (**) notation shows insignificant
differences with NC, but significant differences with DC. * = 0.01 < « < 0.05; ** = x < 0.01.

Table 7. Counts considering the mean and standard deviation of fibroblasts.

Fibroblasts (cells/mm?)

Group Treatment

Day 3 Day 7 Day 14
Normal (NC) 220+1.6 41.0+24 260+14
Diabetic (DC) 11.0 +2.6 20.0 +0.9 14.0+1.2
Alginate ointment (DA) 13.0+14 270+1.2 17.0+0.2
Alginate—okra ointment (DAO) 20.0+0.7* 38.0 £3.3** 23.0+0.7*

Letter notation on the table shows the result of the statistical test (« < 0.05). (*) and (**) notation shows insignificant
differences with NC, but significant differences with DC. * = 0.01 < « < 0.05; ** = o < 0.01.

Fibroblast proliferation induces collagen synthesis and macromolecular matrix for structural
formation of connective tissues. Diabetes conditions increase the activity of macrophages thereby
increasing the production of ROS/RNS and lowering collagen synthesis [66]. This is evidence by the
lower collagen densities on Day 3 up to Day 14 in the diabetic control group (30.0 + 0.6; 35.0 + 0.1;
50.0 + 4.9%) compared to normal control group (56.0 + 4.3; 81.0 + 6.4; 86.0 + 1.9%) (Table 8).

Table 8. Counts considering the mean and standard deviation of collagen densities.

Collagen Densities (%)
Group Treatment

Day 3 Day 7 Day 14
Normal (NC) 56.0 + 4.3 81.0+6.4 86.0 +1.9
Diabetic (DC) 30.0 + 0.6 35.0+0.1 50.0 +4.9
Alginate ointment (DA) 42.0+3.8 59.0 £ 0.8 76.0 £ 0.3
Alginate-okra ointment (DAO) 520+64* 80.0 £ 0.3 ** 87.0 0.6 **

Letter notation on the table shows the result of the statistical test (cc < 0.05). (*) and (**) notation shows insignificant
differences with NC, but significant differences with DC. * = 0.01 < & < 0.05; ** = « < 0.01.

72



Appl. Sci. 2020, 10, 6082

The topical administration of alginate can reduce the wounds width and increase cytokines and
growth factor. This is because alginate has a hydroxyl group that plays a role in the properties of
hydrophilicity, so that alginate can absorb moderate or heavy exudate liquid to reach 15 to 20 times
in dry or gel form, so it is called a hemostatic agent [67]. Absorption of exudate on the wound area
was occur due to the exchange of ions between exudate and alginate that keeps the moist condition of
the wound physiologically and minimizing bacterial infections. In addition, it allows enough oxygen
exchange to accelerate the formation of tissue granulation and re-epithelization [68]. The proportion
of M/G residue affects alginate’s ability as absorber. Higher G content is not firmly tied to molecules
so it will increase the process of ion exchange between alginate and exudate wounds [69]. Based on
literature, the wound healing activity of alginate topically on diabetic open wounds form complete
epithelization on Day 14 [70].

The topical administration of okra fruit extract can reduce blood-glucose levels and improve
wound-healing process, because it has strong antioxidant properties due to the role of the 3-hydroxyl
group on the C ring of the flavonoids compounds to capture free radicals due to glucose oxidation
(hyperglycemia). Decreasing ROS/RNS can reduce hyperglycemia and increase glucose metabolism,
thereby lowering oxidative stress and insulin resistance which increase wound healing [71].
The ointment formula contains flavonoids could be released into wounds and then to the bloodstream
s0 as to induce secretion of cytokine, growth factor and increase insulin production or insulin sensitivity
of somatic cells. Flavonoids also cause re-formation of antioxidants and serum lipid profiles in diabetic
rats [59]. The wound healing activity of the okra fruit extract topically on open wounds effectively
forms the complete epithelization on 15 day [72] and achieves a complete epithelization on 16 day [73].

5. Conclusions

Extraction and characterization of alginate from S. duplicatum and okra fruit extracts were carried
out to determine the potentiality of them as an absorber of the wound and their antioxidant activity.
The novelty of this research lies in the healing activity of open wounds from a combination of alginate
and okra fruit extracts. Topical formulations are more effective when alginates are combined with okra
fruit extracts because of the alginate can stabilize flavonoids, so it increased wound absorber and their
antioxidant properties. The results show an improvement of the re-epithelization of the wound area,
the recruitment of neutrophil, macrophages, fibrocytes, fibroblasts and increased collagen densities as
parameters that plays an important role in the wound-healing process.

Further research and a more detailed analysis of the characterization of alginate structures to
determine the role of alginate as an antioxidant agent in the combination of topical formulations for
open wounds healing are needed. Moreover, variations of doses need to be done for further research
to determine the optimum dose of the extract combination in open wound healing of diabetic mice.
Hence, it would help to provide more insight of the mechanism of action this combination extracts on
the process of diabetic wound healing.
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Abstract: A diabetic foot ulcer is an open wound that can become sore and frequently occurs
in diabetic patients. Alginate has the ability to form a hydrophilic gel when in contact with a
wound surface in diabetic patients. Xanthones are the main compounds of mangosteen rind and
have antibacterial and anti-inflammatory properties. The purpose of this research was to evaluate
the wound healing and antioxidants assay with a combination of alginate from S. ilicifolium and
mangosteen rind combination extracts on a diabetic mice model. The characterization of alginate
was carried out by size exclusion chromatography with multiple angle laser light scattering (SEC-
MALLS) and thermogravimetric analysis (TGA). The M/G ratio of alginate was calculated by using
proton nuclear magnetic resonance (\H NMR). The antioxidant activity of mangosteen rind and
the combination extracts was determined using the DPPH method. The observed parameters were
wound width, number of neutrophils, macrophages, fibrocytes, fibroblasts, and collagen densities.
The 36 male mice were divided into 12 groups including non-diabetic control (NC), diabetes alginate
(DA), alginate-mangosteen (DAM), and diabetes control (DC) groups in three different groups by a
histopathology test on skin tissue. The treatment was carried out for 14 days and mice were evaluated
on Days 3,7, and 14. The SEC-MALLS results showed that the molecular weight and dispersity index
(D) of alginate were 2.77 x 10* Dalton and 1.73, respectively. The M/G ratio of alginate was 0.77 and
described as single-stage decomposition based on TGA. Alginate, mangosteen rind extract, and their
combination were divided into weak, medium, and strong antioxidant, respectively. The treatment
of the DA and DAM groups showed a decrease in wound width and an increase in the number of
fibrocytes, fibroblasts, and macrophages. The number of neutrophils decreased while the percentage
of collagen densities increased for all the considered groups.

Keywords: alginate; Sargassum ilicifolium; mangosteen rind; wound healing; diabetic mice

1. Introduction

Diabetes mellitus (DM) is a metabolic disease caused by the disruption of the glucose
metabolism in the body [1]. DM can cause changes in skin homeostasis resulting in
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changes in metabolism and several complications, such as vasculopathy and neuropathy [2].
Diabetes is usually accompanied by the emergence of foot ulcer disease or gangrene,
palpable femoral and popliteal pulses, and the absence of foot pulses [3]. Foot ulcer disease
and gangrene are cases of disease that often occur in people with DM and usually begin
with the appearance of wounds. In general, there are many ways to treat open wounds in
diabetic patients: one of them being the use of ointments as topical medication. Agrawal
et al. (2014) reported that wounds can be healed using antibiotics, either used topically,
directly on the wound, or orally [4]. Diabetic wound healing can be disrupted if the patient
has poor blood sugar control and therapy, as well as the presence of bacteria on the wound
surface that causes infection [5]. In fact, the problems that occur during the wound-healing
process make the wound worsen, e.g., by increasing the reactive oxygen species (ROS) level
and oxidative stress. Both of these problems can disrupt the wound-healing process, so the
healing takes longer. In normal conditions, ROS such as hydrogen peroxide (H,O,) and
superoxide act as cellular messengers to stimulate wound healing [6]. Increasing the level
of ROS has a beneficial effect but, in some cases, can also cause tissue damage [7]. When
diabetic complications occur, the ROS level and oxidative stress start causing cell death
and tissue damage via several mechanisms [8]. Disproportion between antioxidants and
ROS disturbed by a depletion of antioxidants or an accumulation of ROS causes oxidative
stress [9]. This situation might be resolved through the application of antioxidants. Lobo
et al. (2010) reported that antioxidant molecules contribute an electron to make a free
radical become neutral, thus reducing its capacity for cellular damage through their free
radical scavenging property [10].

Alginate is a natural polymer that contains -D-mannuronic acid (M) and o-L-
guluronic acid (G) blocks [11,12]. The main source of alginate is the various genera of
brown seaweed [12]. Alginate as a topical medicinal material has been chosen because it is
considered capable in maintaining the humidity around the wound, minimizing bacterial
infections, and easing the wound-healing process [13]. Alginate has been used in several
types of wounds, including pressure, diabetic, venous ulcers, and some open wounds due
to its ability as a good absorbent and gel-forming agent [14,15].

Mangosteen rind has been a traditional medicine to treat skin trauma and infections
for many decades [16]. Several studies have reported that xanthones (such as x-mangostin)
are the main compounds found in mangosteen rind. Xanthone has antibacterial, anti-
inflammatory, antioxidant, anticancer, and cardioprotective activities [17]. In the present
paper, the histopathology of wound healing on a diabetic mice model by using a composite
of alginate from S. duplicatum and okra combination extracts is described. Here, we
report the wound-healing and antioxidant evaluations of alginate from S. ilicifolium and
mangosteen rind combination extracts on a diabetic mice model.

2. Materials and Methods
2.1. Materials

S. ilicifolium samples were taken from Kei Island, Maluku, Indonesia in July 2018.
Identification was performed at the Oceanographic Research Center, LIPI, Jakarta, Indone-
sia (Approval Reference Number: 1/3/18-id/2018). Mangosteen (Garcinia mangostana)
was purchased from the Rungkut district (Surabaya, Indonesia). The species identification
was carried out at the Biosystem Laboratory of the Department of Biology of Airlangga
University.

2.2. Sodium Alginate Extraction

The S. ilicifolium was dried, cut into pieces, and grounded to powder. The dried S.
ilicifolium was added in a Becker in 0.1% KOH, soaked for an hour, and filtered. Then, 1%
HCl (1:30 w/v) was added to the sample and stirred for an hour, then it was filtered and
washed using water until a neutral pH was reached. The sample was then soaked with
2% Na,COj3 at +70 °C for two hours and filtered. The filtrate was added with 10% HCl
to pH 2.8-3.2 or until a gel was formed and 2% Na,COj3 until neutral pH was added to
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the gel. Then, 4% NaOCl (1:2 v/v) was added to the mixture. The alginate extract was
pipetted into 2-propanol solution in a 1:2 v/v ratio and slowly stirred until a sodium alginate
fiber was formed. The sodium alginate fiber was dried and grounded to form sodium
alginate powder.

2.3. Analysis of Sodium Alginate
2.3.1. Proton Nuclear Magnetic Resonance (!H NMR) Spectroscopy

'H NMR spectroscopy analyses were conducted on a JEOL JNM-ECS400A spectrom-
eter (JEOL, Peabody, MA, USA) at a frequency of 400 MHz. D,0 was used as the NMR
solvent if not otherwise detailed. All samples were freeze dried before analysis.

2.3.2. Size Exclusion Chromatography with Multi-Angle Laser Light Scattering
(SEC-MALLS) Analysis

The molecular weight of alginate and its classification were analyzed using the gel
permeation chromatography technique by using a Shimadzu HPLC system (Shimadzu
UK Limited, Milton Keynes, UK) comprising a CBM-20A Controller, LC-20AD Pump with
degasser, SIL-20A Autosampler, and SPD-20A detector; HELEOS-II light-scattering and
Optilab rEx refractive index detectors were provided by Wyatt. A PL aquagel-OH mixed
column (7.5 x 300 mm, 8 um particle size; Agilent Technologies, Santa Clara, CA, USA)
and a PL aquagel-OH mixed guard column (7.5 x 50 mm, 8 pum particle size; Agilent
Technologies, Santa Clara, CA, USA) were used as the stationary phase. The mobile
phase was a 50 mM sodium nitrate solution with a flow rate of 0.5 mL/min [11]. The
alginate solution (1.5 mg mL~!), dissolved in deionized water, was filtered through a nylon
membrane (Whatman, UK) before analysis. The value of 0.165 was used as the dn dc ™!
grade [18].

2.3.3. Thermogravimetric Analysis (TGA)

TGA was carried out on a PL Thermal Sciences STA 625 thermal analyzer (PL Ther-
mal Science Limited, Surrey, UK). A total of 10 mg of accurately weighed sample in an
aluminum sample cup was placed into the furnace with a N flow of 100 mL min~—! and
heated from room temperature to 625 °C at a heating rate of 10 °C min~!. From the TGA
profiles, the temperatures at 10% and 50% mass loss (TD1y and TDs, respectively) were
analyzed afterwards.

2.4. Extraction of Mangosteen Rind

The dry mangosteen rinds were mashed into small fragments. The fragments were
then macerated using 96% ethanol for three days. Samples were filtered and concentrated
under vacuum. The extract was freeze dried and kept in 4 °C for the next step.

2.5. Antioxidant Assay and Analysis of Total Phenolic Content

Antioxidant assays were performed on alginate from S. ilicifolium, mangosteen rind
extract, and a combination of alginate-mangosteen rind extracts by the 2,2-diphenyl-1-
picryl-hydrazyl-hydrate (DPPH) free radical method. The concentration of DPPH and
stock solutions were 50.0 and 1000.0 ug/mL, respectively. The extracts were diluted in
concentration variations of 200.0, 150.0, 125.0, 100.0, 75.0, 50.0, 35.0, 25.0, 15.0, 10.0, and
6.0 ng/mL of sample solution in methanol (200 uL) and 50 L of DPPH was added into
96-well plates. Subsequently, the mixtures were incubated for 30 min in a dark chamber
and the absorbance was measured at 517 nm on an ELISA plate reader.

The total phenolic content of alginate and mangosteen rind extract was determined by
the colorimetric method, referring to the procedure of Malik et al. (2015) with some modi-
fications and with gallic acid as standard [19]. The standard solutions and samples with
concentrations of 10, 20, 30, 40, and 50 ppm were added with 0.4 mL of Folin-Ciocalteau
reagent. After 4-8 min, 4.0 mL of 7% Nay,COj3 solution was added and aquabidestilata
was added to 10 mL, and then it was allowed to stand for 2 h at room temperature. The
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absorbance of solution was analyzed at a maximum wavelength of 744.8 nm; a calibration
curve was made for the relationship between the concentration of gallic acid (ug/mL) and
the absorbance.

2.6. Induction of Diabetic Mice

The BALB/c strains of adult male mice (Mus musculus) were obtained from the Faculty
of Pharmacy, Airlangga University, Surabaya. The mice were 3-4 months old with a weight
range of 20-35 g. Ethical clearance for treating animals was obtained from the Faculty of
Veterinary Medicine, Airlangga University, Surabaya, Indonesia with License Reference
Number: 2. KE. 049.04.2019.

The mice were treated in a 12 h light and 12 h dark lighting system for a couple
of weeks. During acclimatization for the experiment, the mice were fed (oral dose of
0.3 mL) with lard three times per week during 3 weeks in order to achieve a high fat diet.
Streptozotocin (STZ) was injected for 8 days by using the 30 mg/kg body weight using
multiple low dose method of 0.15 mL intraperitoneally (i.p) to induce type II diabetes
mellitus [20]. The mice were weighed before and after treatment. The level of blood glucose
was measured after STZ induction at 3, 7, and 14 days of treatment.

2.7. Animal Grouping and Treatment

The group of mice (12 groups) were separated: (a) three groups for no treatment as
normal (N) and (b) nine diabetic groups for treatment (D), consisting of three mice in each
group for 3, 7, and 14 days of treatment [20]. The nine treatment groups were classified
into three categories: (1) three groups for diabetic control (DC3, DC7, and DC14); (2) three
groups for alginate treatment (DA3, DA7, and DA14); and (3) three groups for alginate—
mangosteen rind extract treatment (DAM3, DAM7, and DAM14). A centimeter wound
on the mice’s glutea (buttocks) was generated. Each group was smeared with Vaseline
(untreated and DC), vaseline-alginate (DA), and vaseline-alginate—-mangosteen rind extract
ointments (DAM). A single dose of 50 mg/kg body weight ointment was generated for
treatment. The animal number replication was referred to the Federer formula (1967) [21].

2.8. Histopathology Analysis of Wound Healing

The histopathology experiments of wound healing were conducted at the Pathol-
ogy Laboratory of the Faculty of Veterinary Medicine, Airlangga University. A micro-
scope at 400 times magnification was used for the observation of fibroblasts, fibrocytes,
macrophages, neutrophils, and collagen density. The width of the wound was analyzed
using 40 times magnification under an optical microscope.

2.9. Statistical Analysis

The wound-healing measurements are illustrated as a mean =+ standard error mean
(SEM). The wound-healing data analysis was conducted by a normality and homogeneity
test, one-way ANOVA, and Duncan test. If the results of normality and homogeneity
were not qualified (ex = 0.05), non-parametric tests such as the Kruskal-Wallis and Mann—
Whitney tests were applied. All the statistical analyses were calculated using an IBM with
SPSS 20.0 software.

3. Results
3.1. Analysis of Sodium Alginate
3.1.1. Proton Nuclear Magnetic Resonance ('H NMR) Analysis

The mannuronate-to-guluronate (M/G) ratio of alginate was determined by 'H NMR.
The spectrum of alginate is shown in Figure 1. The proton signals of alginate at a chemical
shift in the 4.8-4.0 ppm range correspond to the G, /M, while the signals at 5.8-5.0 ppm
correspond to the G /Mj, respectively. The G; and M; are the most de-shielded protons
(5 5.8-5.1 and 5.5-5.1, respectively). M; is more shielded than Gy, because G; is located at
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an equatorial position in comparison to an axial one in M;. The M/G ratio of alginate was
0.77 and was determined by the integration as previously reported [22].
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Figure 1. (A) Spectra of TH NMR spectra of alginate from S. Ilicifolium (90 °C 128 scans); (B) detail of 'H NMR spectra

(90 °C 128 sc).

3.1.2. Size Exclusion Chromatography with Multi-Angle Laser Light Scattering
(SEC-MALLS) Analysis

The polydispersity index (D) and the molecular weight of alginate from S. ilicifolium
were analyzed by SEC-MALLS (Figure 2A). The number average molecular weight (My))
and weight average molecular weight (My) of alginate from S. ilicifolium were 1.49 x 10*
and 2.77 x 10* Dalton, respectively. The D was found to be 1.73, which indicated that
alginate from S. ilicifolium has a good homogeneity and is classified as chain-growth
polymerization.
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Figure 2. (A) Rl signal of size exclusion chromatography with multiple angle laser light scattering (SEC-MALLS) analysis
and (B) thermogravimetric analysis (TGA) of sodium alginate.

3.1.3. Thermogravimetric Analysis

Thermal stability and polymer matrix strength were analyzed using TGA by observing
the weight difference as the sample was heated at a constant rate. Figure 2B shows the
thermal stability and strength of the S. ilicifolium alginate polymer matrix. It was found that
5% of the mass was obscured (TDs) at 82 °C and most probably indicated the water loss
(moisture). The 10% (TD1g) and 20% mass loss occurred at 125 °C and 235 °C, respectively,
indicating glycosidic bond destruction. The 50% (TDs() mass loss at 466 °C indicated the
carbon turns into charcoal.

3.2. Antioxidant Assay and Analysis of Total Phenolic Content

An antioxidant assay was utilized to measure the inhibitory concentration (ICs) of
each compound. The antioxidant activity of alginate, mangosteen rind, and the combination
of alginate-mangosteen rind extracts was found using the DPPH method. The ICs of
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alginate, mangosteen rind, and the combination of alginate-mangosteen rind extract was
297.60, 29.60, and 52.72 pg/mL, respectively (Table 1). The results showed that alginate
was a moderate antioxidant, mangosteen rind was strong antioxidant, and the combination
of alginate-mangosteen rind extracts was acting as a very powerful antioxidant. The total
phenolic content in the mangosteen rind extract was 32.94 mg GAE/g extract or 3.29%
(y = 0.0193x + 0.031; R? = 0.9976).

Table 1. Antioxidant activity of alginate, mangosteen rind, and alginate—-mangosteen rind combination.

Sample IC50 (ug/mL) Classification
S. ilicifolium alginate 120.88 Moderate antioxidant
Mangosteen rind extract 29.06 Powerful antioxidant
Alginate-mangosteen rind extract 52.72 Strong antioxidant

3.3. Measurement of Body Weight in Mice

The administration of lard for three weeks in a single oral dose (0.3 mL) can signifi-
cantly increase the body weight of mice (p < 0.05). The increase in the body weight of mice
ranged from 29 + 3.42 g to 34 & 2.83 g. Husen et al. (2019) reported that obesity caused by
excessive fat accumulation can induce various chronic diseases and complications such as
diabetes mellitus [23].

3.4. Measurement of Blood Glucose Level in Mice

STZ can increase blood sugar levels of up to more than 250 mg/dL in mice, as
presented in Table 2. Based on experiments, the blood sugar levels of the normal group
decreased significantly on Days 1 to 14 (p < 0.05). The blood glucose level in the DC
group decreased from Days 1 to 7 but increased on Day 14 (250.0 & 10.6 mg/dL). The DA
group showed a decrease from Days 1 to 14 (250.0 &= 8.5 mg/dL to 209.0 + 11.3 mg/dL).
Fluctuating changes in body weight were observed in the DAM mice group, but on Day 14
the blood sugar level decreased to 135.0 & 7.1 mg/dL. On Day 14, the DAM mice showed
a normal blood sugar level (non-diabetic).

Table 2. Mean and standard deviation of blood glucose.

Group Treatment

Blood Glucose Level (mg/dL)

Day 1 Day 3 Day 7 Day 14
Normal (NC) 118.0 £ 4.2 117.0 £ 2.3 114.0 =28 1100 £ 1.4
Diabetic (DC) 256.0 + 4.9 250.0 £ 11.3 24204+ 2.1 250.0 & 10.6
Alginate ointment (DA) 250.0 + 8.5 230.0 +£12.0 2250428 209.0 +11.3
Alginate-mangosteen rind extract ointment (DAM) 251.0 £5.7 176.0 £ 5.7 182.0+7.8 135.0 £ 7.1 **

Asterisk notation in the table shows the result of the statistical test (x < 0.05). ** notation shows insignificant differences with NC but
significant differences with DC. ** = 0.01 < « < 0.05. n = 3 animals per time point.

3.5. Microscopic Evaluation of Wound Tissue

The microscopic evaluation of wound tissue included an evaluation of wound width,
the number of neutrophil cells, macrophages, fibrocytes, and fibroblasts, and the collagen
density in each group. The results of the histopathological microscopic observations in all
study groups are described in Figures 3 and 4.
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Figure 3. Histopathology analysis of wound width was measured on the three variation times. A
circle in the picture indicates the wound width in the specimen. NC: normal group; DA: alginate
treatment group; DAM: alginate-mangosteen rind extract treatment group; and DC: diabetic group.

Based on microscopic observations, it can be seen that the DAM group revealed the
best wound-healing process for diabetic mice compared to other diabetic treatment groups.
The re-epithelization of DA and DAM occurred on Day 7 and wound closing occurred on
Day 14 for all groups. Figure 4 shows that the DAM group had the best re-epithelization
process among the groups.

Figure 4 shows the wound parameters in microscopic observation, where neutrophils
(green), macrophages (blue), fibrocytes (yellow), and fibroblasts (red) are shown by an
arrow in a different color. The number of neutrophils increased at Day 3 and decreased at
Day 7 and Day 14 for all groups. The number of macrophages increased at Day 3 to Day
7, and then declined at Day 14 for all groups. NC, DA, and DAM showed a significant
rise in the number of fibrocytes and fibroblasts at Day 7 to indicate re-epithelization and a
reduction at Day 14.
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(DAM7) ‘ (DAM14)

Figure 4. Analysis of wound width on the three variation times. Green arrows: neutrophils; blue
arrows: macrophages; yellow arrows: fibrocytes; and red arrows: fibroblasts. NC: normal group;
DA: alginate treatment group; DAM: alginate—-mangosteen rind extract treatment group; and DC:
diabetic group.

3.6. Parameter Analysis
3.6.1. Wound Width Determination

The width of the wound is defined as the distance between the epithelium (right-left)
that underwent a complete re-epithelialization quantifiable in microns. The width of the
wound for each group per day showed a significant difference (Figure 3). All groups
showed good results on Day 14 as the wound had closed in all groups. DAM showed
the best wound repair response in comparison with the NC group (2502.0 + 10.4 um and
726.0 & 29.7 um on Days 3 and 7, respectively) (Figure 5).

3.6.2. Neutrophil Measurement

Neutrophils are the onset of an inflammatory response in the recovery process of open
wounds and aim to clean microorganisms that enter the wound [24-26]. The number of
neutrophils showed significant differences both in the DA and DAM groups toward DC. A
decrease in the neutrophil count was observed in DAM from Days 3 to 14, similar to what
was observed for the NC group (Figure 6).
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Figure 5. Wound width at the three variation times. Notation on the graph shows the result of the
statistical test (¢ < 0.05). * and ** notation shows insignificant differences with NC but significant
differences with DC. * = 0.01 < « < 0.05; ** = & < 0.01. NC: normal group; DA: alginate treatment
group; DAM: alginate—-mangosteen rind extract treatment group; and DC: diabetic group.
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Figure 6. Number of neutrophils at the three variation times. Notation on the graph shows the
result of the statistical test (¥ < 0.05). * and ** notation shows insignificant differences with NC but
significant differences with DC. * = 0.01 < « < 0.05; ** = « < 0.01. NC: normal group; DA: alginate
treatment group; DAM: alginate—-mangosteen rind extract treatment group; and DC: diabetic group.

3.6.3. Macrophage Measurement

Macrophage secretion will increase massively as neutrophils decrease [26]. Figure 7
shows that the number of macrophages in the DC group showed a high increase due
to hyperglycemia and ROS, while the other groups experienced a decrease because they
did not experience these conditions. The DAM group gave a similar observation as the
NC group, wherein the graph of macrophages in this group was the same as the control
normal/non-diabetic group (Figure 7).
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Figure 7. Number of macrophages at the three variation times. Notation on the graph shows the
result of the statistical test (x < 0.05). * and ** notation shows insignificant differences with NC but
significant differences with DC. * = 0.01 < « < 0.05; ** =« < 0.01. NC: normal group; DA: alginate
treatment group; DAM: alginate-mangosteen rind extract treatment group; and DC: diabetic group.

3.6.4. Fibrocyte Measurement

Fibrocytes play a role in the process of differentiation of myofibroblasts in fibrosis and
wound healing [27]. In this study, the number of fibrocytes in the DAM groups on Days 3,
7, and 14 were close to the NC group, whereas the DC group showed the lowest number
of fibrocytes, i.e., almost one-third of the numbers recorded for the NC and DAM groups
(Figure 8).
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Figure 8. Number of fibrocytes at the three variation times. Notation on the graph shows the result
of the statistical test (« < 0.05).** notation shows insignificant differences with NC but significant
differences with DC. ** = ¢ < 0.01. NC: normal group; DA: alginate treatment group; DAM: alginate—
mangosteen rind extract treatment group; and DC: diabetic group.

3.6.5. Fibroblast Measurement

The histopathological observations are displayed in Figure 4. DAM showed the
highest number of fibroblasts, while DC showed the lowest number of fibroblasts (Figure 9).
The number of fibroblasts on Days 3 and 7 showed an increase but decreased on Day 14 in
all groups (Figure 9).
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Figure 9. Number of fibroblasts at the three variation times. Notation on the graph shows the result
of the statistical test (¢ < 0.05). * notation shows insignificant differences with NC but significant
differences with DC. * = 0.01 < & < 0.05. NC: normal group; DA: alginate treatment group; DAM:
alginate-mangosteen rind extract treatment group; and DC: diabetic group.

3.6.6. Collagen Density Measurement

Observation of collagen density was conducted to determine the process of the for-
mation of new collagen in open wounds. Figure 10 shows that DAM presents the highest
collagen density compared to the other groups, while DC shows the lowest percentage of
collagen density among the considered groups.
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Figure 10. Collagen density was evaluated at the three variation times. Notation on the graph shows
the result of the statistical test (¢ < 0.05). * and ** notation shows insignificant differences with NC
but significant differences with DC. * = 0.01 < & < 0.05; ** =« < 0.01. NC: normal group; DA: alginate
treatment group; DAM: alginate-mangosteen rind extract treatment group; and DC: diabetic group.

4. Discussion

Sodium alginate was extracted from S. ilicifolium to give a pale-yellow solid with a
14.36% yield. The obtained yield is very similar to the one reported by Latifi et al. (2015),
who reported yields ranging from 12% to 16.5% [28]. Davis et al. (2004) extracted S. fluitans
and S. oligocystum using high temperature and base conditions to obtain 21.1-22.8% and
18.9-20.5% yields, respectively [29]. Mushollaeni (2011) reported that alginate from several
species of Sargassum sp. had 16.93 to 30.50% yields [30]. Based on this study, the yield of the
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extracted alginate not only depends on the extraction method and the Sargassum species
used but also on the seasonal variation. It is in fact well known that there are marked
seasonal variations of polysaccharide contents in seaweeds, as polysaccharides are stored
in winter as a food source and therefore a harvest at the end of summer will give higher
polysaccharide levels than in the spring.

The "H NMR analysis of S. ilicifolium alginate showed that the signals in the range
4-4.8 ppm belong to protons from the p-glycosidic bond, whereas the signals between
5.1 and 5.8 ppm are resonances of protons from the x-glycosidic bond. The identification
was performed by comparison with the 'H NMR spectrum of alginate from Llanes et al.
(1997) [31]. The structure of alginate from S. ilicifolium consists of 3-D-mannuronic acid
(4.3-4.8 ppm) and o-L-guluronic acid (5.1-5.8 ppm). The M/G ratio of alginate was deter-
mined by the integration of each proton with their monomers. The M/G ratio of alginate
was 0.77, indicating that S. ilicifolium alginate has a higher guluronic acid monomer than
mannuronic acid. The protons G; and M; are the most de-shielded protons (6 5.1-5.8 and
5.1-5.5, respectively). M; is more shielded than Gy, because G is located at an equatorial
position in comparison to an axial one in Mj. In fact, Llanes et al. performed a pretreatment
to partly hydrolyze the alginate before 'H NMR analysis, while in our case we decided to
work with non-hydrolyzed alginate as it was fully soluble in the NMR solvent. This can be
an explanation for the slightly more structured peaks and possibly also for the small shifts
downfield we observed.

The number of M, and M,y of alginate were 1.49 x 10* and 2.77 x 10* Dalton, respec-
tively. Furthermore, the My, and M,, obtained were used in the calculation of the dispersity
index (D) using the following equation:

b = Mw/Mn 1)

The dispersity index (D) was 1.73. The D value of alginate from S. ilicifolium was below
2, indicating that the extracted alginate showed good homogeneity and was classified as
chain-growth polymerization. Chain-growth polymerization is a process in which the high
molecular weight polymer is generated at the beginning of the polymerization process and
the polymer yield (the percentage conversion of the monomer into the polymer) gradually
increases with time [32]. Based on TGA, alginate from S. ilicifolium had a single-stage
decomposition curve (Figure 2B).

The antioxidant assay showed that the IC5 of alginate, mangosteen rind, and alginate—
mangosteen rind extract combination was 297.60, 29.60, and 52.0 ug/mL, respectively.
The results indicated that alginate was a weak antioxidant and mangosteen rind was a
powerful antioxidant, and when combined they produced a material with excellent an-
tioxidant properties. These observations could be linked to the fact that mangosteen rind
contains xanthones, such as a-mangostin and y-mangostin, which have been reported to
exhibit anti-inflammatory, antioxidant, and radical scavenging activity [33-35]. According
to Thong et al. (2015), xanthones can capture free radicals in two ways: through hydrogen
atom transfer (HAT) to explain the antioxidant activity in the gas phase and the single
electron transfer—proton transfer (SETPT) mechanism that is thermodynamically favored
in water [36]. Strong antioxidant activity observed in the combination of alginate and man-
gosteen rind extract could possibly overcome ROS that occur in hyperglycemic conditions,
thus enhancing wound repair in diabetic mice.

The total phenolic content in mangosteen rind extract tends to be low due to several
factors, such as the type of mangosteen fruit, storage time, and the hardness of the rind.
According to Dangcham et al. (2008), the total phenolic content of mangosteen fruit will
decrease throughout the storage time [37]. Another study reported that the lignin content
and density of the damaged pericarp tissue would increase as a result of the hardening
of the fruit skin, while the total phenolic content decreased [38]. Mangosteen rind is
an essential, natural phenolic antioxidant source; at least ten phenolic acids have been
characterized in mangosteen rind [39,40]. Mangosteen rind contains bioactive substances,
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such as phenolic acids, flavonoids, anthocyanins, proanthocyanidins, (-)-epicatechin, and
xanthones, which have biological, medical, and antioxidant properties.

The administration of lard can significantly increase the body weight of mice. This
condition indicated increasing hyperglycemia and insulin resistance, and it will cause type
II DM [20]. Husen et al. (2019) reported that obesity caused by excessive fat accumulation
can induce various chronic diseases and complications such as diabetes mellitus [23]. The
administration of STZ was performed to increase the condition of hyperglycemia (increased
blood sugar level) [20]. The increase of blood sugar levels in three diabetic groups, namely
diabetic non-treated (DC), diabetic treated with alginate ointment (DA), and diabetic treated
in alginate-mangosteen rind extract ointment (DAM), of up to 250 mg/dL indicated that
the mice were in a diabetic condition. Based on experiments, the combination of alginate
and mangosteen rind extract proved able to reduce blood sugar levels (Table 2). Lee et al.
(2018) reported that mangosteen was able to increase insulin secretion in pancreatic B-cells
and protected cells from apoptosis, due to the presence of ax-mangostin in mangosteen
fruit [41]. Jariyapongskul et al. (2015) reported that daily a-mangostin supplementation
in diabetic rats shows remarkable hypoglycemic and insulinotropic effects, a reduction in
plasma glycated hemoglobin, and a decrease in serum triglycerides and cholesterol [42].

It was expected that the administration of a topical combination of alginate and
mangosteen rind extract in diabetic wounds could reduce blood sugar levels by entering
the systemic circulation through the bloodstream. The entry of compounds found in topical
drugs through the bloodstream can enhance the host insulin level and the sensitivity of
somatic cells [43]. Therefore, the topical combination of alginate and mangosteen rind
extract can be classified as diadermic ointment. A diadermic ointment is a drug that is able
to enter the deepest skin tissue and enter the systemic circulation [44]. However, further
investigation is required to confirm whether the compounds responsible for reducing
the blood sugar levels are a combination of alginate and mangosteen rind extract or the
presence of other active compounds that have not been separated from the alginate during
extraction given the number of weak proton signals observed in the "THNMR. In addition,
it is necessary to confirm the exact mechanism concerning how blood glucose levels can be
decreased by administering a topical combination of alginate and mangosteen rind extract.

The DAM group, which was treated by alginate—-mangosteen rind extract combination,
showed a very significant decrease on Days 3 and 7, 2502.0 + 10.4 and 726.0 £ 29.7,
respectively, compared to other groups (Table 3). On Day 14, all groups showed that the
wound had closed. The wound width of diabetic mice in the DAM group showed the
best activity when compared to the other tested conditions. This happened due to the
combination of alginate and mangosteen rind extract providing strong antioxidant activity
and thus decreasing ROS and increasing wound contraction and wound healing.

The diabetic group (DC) showed the greatest increase in the number of neutrophils in
comparison to other groups. Administration of the combined alginate and mangosteen
rind extracts (DAM) demonstrated that the neutrophil count in open wounds on diabetic
mice increased in the first 24-48 h and then decreased until Day 14 (55.0 = 0.9 on Day
3 to 14.0 + 0.2 cells/mm? on Day 14), thus indicating that DAM could ease the process
of wound healing (Table 4). The decrease in the neutrophil count in the DAM group
occurred due to the presence of phenolic compounds from the mangosteen rind extract
that acted as antioxidants. Phenolic compounds are able to reduce the secretion of human
neutrophil elastase (HNE), which is an enzyme that can break down the components of the
extracellular matrix by reducing the number of neutrophils [45].

The macrophage count in the DC group showed a slight decrease on Day 14 compared
to the other groups, thus implying that the inflammation phase in the open wounds of
diabetic mice occurred for a longer duration than the normal group. Persistent inflamma-
tory conditions inhibit wound healing [46]. The presence of hyperglycemia and oxidative
stress (increased blood sugar levels and ROS) can affect the modulation and polarization of
macrophages, which could inhibit the healing process [27,47]. Therefore, the administration
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of alginate and mangosteen rind extracts to diabetic wounds could reduce the number of
macrophages in the wound almost as well as non-diabetic wounds (Table 5).

Table 3. Counts considering the mean and standard deviation of wound width.

Wound Width (um)
Group Treatment
Day 3 Day 7 Day 14
Normal (NC) 2673.0 +22.9 882.0 +44.1 0.0 £0.0
Diabetic (DC) 4786.0 + 63.9 3636 & 37.0 0.0+0.0
Alginate ointment (DA) 3030.0 4 126.6 1002.0 £11.5* 0.0+0.0

Alginate-mangosteen rind ointment (DAM)  2502.0 £ 10.4 ** 726.0 £ 29.7 ** 0.0£0.0

Asterisk notation in the table shows the result of the statistical test (« < 0.05). * and ** notation shows insignificant
differences with NC but significant differences with DC. * = 0.01 < « < 0.05; ** = o« < 0.01.

Table 4. Cell counts considering the mean and standard deviation of neutrophils.

Neutrophil (cells/mm?)

Group Treatment

Day 3 Day 7 Day 14
Normal (NC) 57.0 £ 14 28.0 £4.9 110+ 1.4
Diabetic (DC) 118.0 £1.2 55.0+ 19 38.0+ 14
Alginate ointment (DA) 770+£12 430+ 6.4 28.0+£04

Alginate-mangosteen rind ointment (DAM)  55.0 £ 0.9 ** 35.0+21* 14.0 £0.2*

Asterisk notation in the table shows the result of the statistical test («x < 0.05). * and ** notation shows insignificant
differences with NC but significant differences with DC. * = 0.01 < ot < 0.05; ** = < 0.01.

Table 5. Cell counts considering the mean and standard deviation of macrophages.

Macrophage (cells/mm?)

Group Treatment

Day 3 Day 7 Day 14

Normal (NC) 150+ 0.5 21.0 £ 0.7 50+0.2
Diabetic (DC) 37.0+0.7 40.0 +3.1 17.0£0.7
Alginate ointment (DA) 21.0+21 26.0+£05* 9.0+ 0.2

Alginate-mangosteen rind ointment (DAM)  15.0 £ 0.5 ** 20.0 £0.5** 50£02*

Asterisk notation in the table shows the result of the statistical test (« < 0.05). * and ** notation shows insignificant
differences with NC but significant differences with DC. * = 0.01 < « < 0.05; ** = o < 0.01.

An increase in the fibrocyte count leads to an increase in collagen V production,
while lowering collagen I, III, and IV levels [48]. Fibrocyte differentiation can reduce
inflammatory conditions and tissue damage as well as improve the wound-healing and
tissue-remodeling process. The number of fibrocytes will increase with the increasing age
of the wound, and more than 15 fibrocytes indicated the age of the wound was between 9
and 14 days [27]. The administration of a topical combination of alginate and mangosteen
rind extract in the DAM group can increase the number of fibrocyte cells in diabetic open
wounds between Day 3 and Day 7, thus accelerating the process of angiogenesis. On the
other hand, the fibrocyte count decreased by Day 14, as shown in Table 6; this condition
indicated the wound had healed.

Table 6. Cell counts considering the mean and standard deviation of fibrocytes.

Fibrocyte (cells/mm?)

Group Treatment

Day 3 Day 7 Day 14
Normal (NC) 220£05 26.0+0.4 21.0£05
Diabetic (DC) 10.0+0.7 10.0 £0.9 9.0+0.5
Alginate ointment (DA) 150+ 0.5 19+07 140 £19

Alginate-mangosteen rind ointment (DAM) ~ 22.0 £ 0.2 ** 28 +0.5** 20.0 £ 0.7 **

Asterisk notation in the table shows the result of the statistical test (ex < 0.05). ** notation shows insignificant
differences with NC, but significant differences with DC. ** = o« < 0.01.
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Fibroblasts are cells that have a role in the proliferation phase. These cells have the
function to regulate collagen, glycosaminoglycan, proteoglycan, fibronectin, and elastin
as the extracellular matrix components [49,50]. In addition, fibroblasts also play a role in
collagen. The presence of an increase and decrease in the number of fibroblasts is the same
as observed in the measurement of the number of fibrocytes in the wound. All groups
showed an increase in the number of fibroblasts on Day 7 and a decline on Day 14. A
decrease in the number of fibroblasts on Day 14 in all groups indicates that the healing
phase is at the remodeling stage (Table 7). The remodeling phase can be identified by
decreasing proliferation and inflammation, reorganization of the extracellular matrix, and
regression of newly formed capillary vessels [51]. The fibroblast count in the DAM group
was almost the same as the fibroblast count of the NC or normal group. This result indicated
that the administration of alginate-mangosteen rind extract combination was effective to
heal the open wound.

Table 7. Cell counts considering the mean and standard deviation of fibroblasts.

Fibroblast (cells/mm?)
Group Treatment

Day 3 Day 7 Day 14
Normal (NC) 220+ 19 440 +2.6 27.0+ 6.8
Diabetic (DC) 10.0 £0.2 240407 15.0 £ 0.5
Alginate ointment (DA) 16.0 +0.2* 27.0+£0.7 20.0£05*
Alginate-mangosteen rind ointment (DAM) 280£02% 56.0 £ 0.5 31.0£0.7*

Asterik notation in the table shows the result of the statistical test (x < 0.05). * notation shows insignificant
differences with NC but significant differences with DC. * = 0.01 < « < 0.05.

The treatment group of alginate and mangosteen rind extract of DAM showed sig-
nificant results at each observation on Days 3, 7, and 14 with 65.0 & 1.4%, 85.0 £ 0.7%,
and 91.0 £ 0.7%, respectively (Table 8). The DAM group showed the highest percentage of
collagen density compared to other groups. The diabetic conditions increase the production
of ROS/RNS, which decreases the collagen synthesis [52]. An increase in the percentage of
collagen density in the DAM indicated an increase in collagen synthesis.

Table 8. Cell counts considering the mean and standard deviation of collagen density.

Collagen Density (%)
Group Treatment
Day 3 Day 7 Day 14
Normal (NC) 53.0+14 76.0 £ 0.5 88.0 £ 0.9
Diabetic (DC) 320+ 14 440+£0.2 65.0 £2.1
Alginate ointment (DA) 43.0£2.8* 65.0£35 79.0 £ 0.7
Alginate-mangosteen rind ointment (DAM) 65.0£14* 85.0 £ 0.7 91.0 £ 0.7 **

Asterisk notation in the table shows the result of the statistical test (x < 0.05). * and ** notation shows insignificant
differences with NC but significant differences with DC. * = 0.01 < « < 0.05; ** = o« < 0.01.

Achievement of the wound-healing process that occurred in DAM could be due to
compounds possessing antioxidant activity from the combined mangosteen peel. Moreover,
Kataria et al. (2014) reported that alginate is a good absorbent and gel formation agent
that has homeostatic properties [15]. Alginate has been used in several types of wounds,
including pressure wounds, diabetic wounds, and venous ulcers such as cavities and
multiple bleeding sores [14]. In addition, alginate acts as an antioxidant that can capture
free radicals and absorbs wound exudate.

5. Conclusions

The administration of a topical combination of alginate extracted from S. ilicifolium
and mangosteen rind extract (Garcinia mangostana) in diabetic open wounds is able to
accelerate the process of wound closure. This is evidenced with an increase in neutrophils,
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macrophages, fibrocytes, fibroblasts, and collagen density, which enhance the process of
re-epithelialization and the synthesis of collagen in the wound area. Alginate absorbs
wound exudate, and xanthones are known to have antioxidant and anti-inflammatory
activities. Xanthone is capable of capturing free radicals (ROS/RNS), which usually tend
to increase in diabetics. Therefore, it can be concluded that the combination of alginate and
mangosteen rind extract can improve the wound-healing process in diabetic mice.
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Abstract: Chemical investigations of Aquimarina sp. MC085, which suppressed TGF-B-induced
epithelial-mesenchymal transition (EMT) in A549 human lung cancer cells, led to the isolation of
compounds 1-3. Structural characterization using spectroscopic data analyses in combination with
Marfey’s analysis revealed that they were two diketopiperazines [cyclo(L-Pro-L-Leu) (1) and cyclo(L-
Pro-L-Ile) (2)] and one N-phenethylacetamide (3). Cyclo(L-Pro-L-Leu) (1) and N-phenethylactamide
(3) inhibited the TGF-f/Smad pathway and suppressed the metastasis of A549 cells by affecting
TGEF-B-induced EMT. However, cyclo(L-Pro-L-Ile) (2) downregulated mesenchymal factors via a
non-Smad-mediated signaling pathway.

Keywords: Aquimarina sp.; diketopiperazine; N-phenethylacetamide; epithelial-mesenchymal transi-
tion (EMT); A549 cells

1. Introduction

Marine natural products are considered as rich sources of cytotoxins, many of which
could serve as lead compounds for anticancer drug development [1]. Recently, many
marine natural products have become accepted as the biosynthetic products of marine
microorganisms [2]. Chemical investigations on marine microorganisms have resulted in
the discovery of anticancer agents, such as bretuximab vedotin and salinosporamide A [3].

Epithelial-mesenchymal transition (EMT) is an important morphological process that
differentiates epithelial cells into mesenchymal phenotype. It is characterized by the loss
of polarity, cell-cell contact, and gain of mesenchymal markers. Epithelial cadherin is
degraded in the plasma membrane, and desmosomes are inhibited by transcription. EMT
facilitates the migration and invasion of cancer cells [4-6]. Therefore, EMT inhibitors are
effective in cancer chemotherapy, particularly against metastasis.

For many years, plant-derived natural products such as arctigenin [4], betanin [5],
camosol [6], curcumin [7], paeoniflorin [8], and tannic acid [9] have been known to regulate
EMT-related signaling pathways. However, a few marine derived natural products were
also reported to have EMT-modulating activities. Eribulin mesylate, a marine-derived
natural product and FDA-approved anticancer drug, is an EMT inhibitor [10]. In addi-
tion, marine microbial natural products such as biemamides [11], actinomycin V [12],
pentabromopseudilin [13], and androsamide [14] were shown to target the EMT signaling
pathway:.
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As part of our efforts to discover bioactive natural products from marine microor-
ganisms, we found that the ethyl acetate extract of marine-derived Aquimarina sp. MC085
inhibited TGF-p-induced EMT in A549 cells. The genus Aquimarina belongs to the family
Flavobacteriaceae and is known for its aerobic and halophilic characteristics. Chemical inves-
tigations of this genus were rarely reported. The Aquimarina genus was reported to produce
algicidal proteins against toxic cyanobacterium Microcystis aeruginosa [15]. Genome mining
of Aquimarina sp. Ap349 resulted in the discovery of cuniculenes 6A and 6 B derived
from polyketide synthase [16]. However, no other natural product with biological activity
was reported from the bacterium in this genus. Bioactivity-guided isolation and chemical
investigations of Aquimarina sp. MC085 led to the isolation of three natural products, and a
spectroscopic data analysis led to the structural assignment of the isolates.

2. Materials and Methods
2.1. General Experimental Procedure

Optical rotation was measured using a Jasco DIP-1000 polarimeter (Tokyo, Japan).
Nuclear magnetic resonance (NMR) spectra were recorded using a 250 MHz Bruker NMR
spectrometer (DMX 250) and 600 MHz Varian NMR spectrometer (VNS-600, Palo Alto,
Santa Clara, CA, USA) at the Core Research Support Center for Natural Products and
Medical Materials (CRCNM). Low-resolution electrospray ionization MS (LR-ESI-MS) was
performed using an Agilent 6120 single-quadrupole mass spectrometer (Agilent Technolo-
gies, Santa Clara, CA, USA) with a C3 column (Agilent SB-C3 Zorbax, 5 um, 4.6 x 150 mm).
Isolation of the compounds was carried out using a Waters 1525 binary high-performance
liquid chromatography (HPLC) pump having a Waters 996 photodiode array (PDA) with
a reversed-phase HPLC (RS Tech, Cheongju, Republic of Korea, Hector-M 5 um C18,
250 x 4.6 mm).

2.2. Fermentation of Aquimarina sp. MC085 and Preparation of Extracts

The bacterial strain Aquimarina sp. MCO085 (GenBank Accession No. MG016025) was
incubated at 25 °C in a shaking incubator at 150 rpm in 5 L of SYP media. After 7 days,
the broth media of strain MC085 was extracted twice with ethyl acetate and the combined
extract was evaporated.

2.3. Acid Hydrolysis and C3 Marfey’s Analysis of Compounds 1 and 2

Each compound (100 ng) was dissolved in 6 N HCI (400 uL) in 4 mL glass vials.
The vials were incubated at 110 °C for 4 h with stirring. The resulting acid hydrolysates
were dried under a stream of N; gas. The dried acid hydrolysates were resuspended in
deionized water. After the removal of water under a N; gas stream, the hydrolysates were
dissolved in 40 pL of MeOH and treated with 60 uL of 1.0 M NaHCO3 and 25 uL of 1%
L-FDAA (1-fluoro-2,4-dinitrophenyl-5-L-alanine amide) in acetone. The reaction mixtures
in each vial were incubated at 40 °C for 1 h with stirring, and the reaction was quenched
by the addition of 60 pL of 1 N HCL. The resulting solutions (10 puL) were injected to LC-
ESI-MS; Agilent Zorbax SB-C3 column, 5 um, 150 x 4.6 mm, 50 °C, 1.0 mL/min, solvent
A (deionized water), solvent B [95% MeOH + 5% of (95% CHS3CN + 5% formic acid)],
A:B =70:30—45:55 (95 min)—0:100 (97 min)—0:100 (104 min)—70:30 (105 min)—70:30
(110 min). The reaction products with FDAA-derivatized hydrolysates were analyzed in
the negative mode of the LC-MS system. The retention time of the DAA-derivatives of
constituting amino acids was compared with that of the authentic standards (DAA-L-Pro:
15.5 min, DAA-D-Pro: 19.0 min, DAA-L-allo-Ile: 39.5 min, DAA-L-Ile: 41.8 min, DAA-L-Leu:
42.6 min, DAA-D-allo-Ile: 61.7 min, DAA-D-Ile: 64.5 min, DAA-D-Leu: 65.0 min).

2.4. Cell Culture and Treatment

Ab549 (human lung carcinoma epithelial) cells were incubated in RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum and 1% penicillin-streptomycin at 37 °C
in a humidified atmosphere of 5% CO, and 95% air. The cells were then treated with

98



Appl. Sci. 2021, 11, 8866

compounds 1-3, respectively, in medium for 6 h. This was followed by treatment with
TGF-B (5 ng/mL) for 42 h in the presence or absence of compounds at the indicated
concentrations.

2.5. Cell Viability Assay

An EZ-Cytox assay kit (DoGenBio, Seoul, Korea) was used to assess cell viability.
Cells (5 x 10* cells/well) were seeded into a 96-well plate. After 24 h, compounds 1-3
were added to serum-free medium for 6 h before TGF- (5 ng/mL) stimulation. EZ-Cytox
reagent was added to the plate and incubated for 1 h at 37 °C. The absorbance at 450 nm
was measured using an enzyme-linked immunosorbent assay (ELISA) plate reader.

2.6. Western Blotting Analysis

A549 cells were treated with compounds 1-3, as previously described. After 6 h, cells
were treated with 5 ng/mL of TGF-$ with or without each peptide for 42 h. Cells were
lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.25% deoxycholate, 1%
NP-40, and 1 mM EDTA), and protein concentration was determined using BCA reagent
(ThermoScientific, Rockford, IL, USA) according to the manufacturer’s instructions.

Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) and then transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Burlington, MA, USA). After the transfer, membranes were blocked with 5%
nonfat dried milk/TBST (20 mM Tris pH 7.4, 150 mM NaCl, and 0.2% Tween-20) for 1 h and
then incubated overnight at 4 °C with primary antibody. The antibodies used were anti-
Smad?2/3, phosphorylated Smad2/3, N-cadherin, E-cadherin, Vimentin, Snail, 3-catenin,
and GAPDH from Cell Signaling Technology (Danvers, MA, USA). After the wash with
TBST, the membranes were probed with HRP-labeled secondary antibodies. Finally, an
enhanced chemiluminescence detection kit (Fisher Scientific, Rockford, IL, USA) was used
to visualize the immunoreactive proteins.

2.7. Gelatin Zymography

Cell supernatants of serum-free cultures were concentrated using Amicon Ultra-4
Centrifugal Filter Devices (Millipore, Billerica, MA, USA). Matrix Metalloproteinase-2
(MMP-2) activity was determined using a Zymogram-PAGE System (Komabiotech, Seoul,
Korea) according to the manufacturer’s instructions. In brief, after electrophoresis, the gel
was washed for 30 min to remove the SDS and then incubated overnight at 37 °C with a
developing buffer. Then, the gel was stained with Coomassie Blue R-250 and distained
with methanol and acetic acid. The gelatinolytic activities were then visualized as a white
band and the gels were scanned.

2.8. Statistical Analysis

Results are expressed as mean = standard deviations (SD). The statistical significance
between test groups was determined using a one-way ANOVA multiple comparison test
with Turkey’s post-test using GraPhad Prism 5 software (GraphPad Software Inc., San
Diego, CA, USA). p < 0.05 was considered statistically significant.

3. Results
3.1. Structural Identification of Compounds 1-3

Compound 1 was obtained as a white powder, {[o]??p —54.47° (c 0.14, CH30H)}. The
13C NMR spectrum of 1 in DMSO-d6 showed distinctive 11 carbon signals including two
amide carbonyls at 5c 170.32 and 166.51, three sp3 carbons with the attachment of N atom
at 5c 58.44, 52.59, and 44.83, and six sp3 carbons without N attachment at 6¢ 37.76, 27.40,
24.04, 22.79, 22.44, and 21.88. The 'H NMR spectrum of 1 in DMSO-d6 showed a broad
NH proton signal at 8y 8.00, signals for two & protons at 6y 4.19, and 4.00, N-attached
methylene protons at 8y 3.42-3.30, two doublet methyl signals at 6y 0.87 (J = 6.3 Hz)
and 0.86 (J = 6.3 Hz), along with the residual seven protons at 8y 2.22-1.30. The ESI-MS
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spectrum (positive ion detection mode) showed a peak corresponding to a protonated
molecule at m/z 211.4 [M + H]*. These data indicated that the molecular formula of
compound 1 was C;1H1gN»O,. The 2D NMR data analysis led to the planar structure of 1
as a cyclic dipeptide, cyclo(Pro-Leu), as shown in Figure 1. The absolute configuration of 1
was determined to be cyclo(L-Pro-L-Leu) using C3 Marfey’s method (Figure S8) [17].

Figure 1. Structures of compounds 1-3 from Aquimarina sp. MCO085.

Compound 2 {[x]??p —48.65° (c 0.07, CH3;0H)} showed a protonated ion at m/z 211.4
[M + HJ* in the positive ion mode of the ESI-MS spectrum. The "H NMR spectrum of 2
showed structural features similar to those of compound 1. However, compound 2 showed
a distinctive methyl triplet and a methyl doublet, whereas compound 1 showed two methyl
doublets. Based on a careful comparison of spectroscopic data, including 'H and '*C
NMR data, compound 2 was identified as cyclo(Pro-Ile). In addition, C3 Marfey’s analyses
configured both constituting amino acids as L (Figure S9) [17].

Compound 3 was obtained as a white powder. Its molecular formula was assigned
as C1oH13NO based on 1D NMR spectra and the presence of a protonated ion at m/z
164.2 [M + H]* in the ESI-MS spectrum. The IH and 3C NMR spectra of compound 3
in CDClI3 showed five proton signals in the ranges of 8y 7.15-7.35, and resonances for
four sp2 methine carbons at 5¢ 138.97, 128.80, 128.69, and 126.57, corresponding to a
mono-substituted phenyl ring. Moreover, signals of two methylene units (5¢ 40.78, 6y
2.80; d¢ 35.68, by 3.49) and an acetyl unit (5¢c 170.35; 5¢ 23.30, oy 1.92) were observed. By
comparing the spectroscopic data with the values provided in the literature, the structure
of compound 3 was confirmed to be N-phenethylacetamide [18]. Compounds 1-3 were
isolated from microorganisms of the genus Aquimarina for the first time.

3.2.l The Cell Viability Effect on Comparison of Compounds 1-3 on TGF-B-Induced EMT of A549
Cells

First, we investigated the cytotoxic effects of compounds 1-3 with or without TGF-3
on A549 cells using an EZ-Cytox assay. As presented in Figure 2, the cells were treated with
various concentrations of compounds 1-3 (100, 50, 25, and 12.5 uM) for 24 h. The cell via-
bility analysis showed that none of the components affected cell viability at concentrations
below 50 uM; however, compound 2 showed a significant decrease cell viability at 100 uM
concentration. Therefore, further assays were conducted at a concentration of 50 pM.

Cyclo(L-Pro-D-Leu) (1) Cyclo(L-Pro-L-Tle) (2) N-Phenethylacetamide (3)

125 125 125

100 100 100

Cell Viability (%)
Cell Viability (%)
Cell Viability (%)

Cont. 100 50 25 125 Cont. 100 50 25 125 Cont. 100 50 25 125
Concentration (uM) Concentration (M) Concentration (uM)
Figure 2. Comparison of the effects of compounds 1-3 on TGF-B-induced epithelial to mesenchymal
transition (EMT) of A549 cells. The cells were treated with different concentrations of 1-3 before
TGE-p treatment for 24 h and viability was determined using the EZ-Cytox assay. The data represent
the means + S.D. of three independent experiments. * p < 0.05 compared with the control.
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3.3. Comparison of the Protein Expression Profiles of A549 Cells to Determine the Effect of the
Treatment with Compounds 1-3 (50 uM), via the Smad2/3 Signaling Pathway, on the
TGF-pB-Mediated EMT of the Cells

To observe the expression levels of proteins associated with canonical Smad2/3, A549
cells were treated with 50 uM of the test compounds, followed by a TGF-f3 treatment.
Phosphorylation of Smad2/3 was measured using western blotting. On comparison
with the control group, the results showed that TGF-f induced the phosphorylation of
Smad2/3. Phosphorylated Smad2/3 was inhibited by compounds 1 and 3 (Figure 3A).
We also examined the effect of compounds 1-3 on TGF-3-mediated expression of EMT-
related markers in A549 cells. N-Phenethylacetamide (3) dramatically downregulated
mesenchymal phenotypic markers (N-cadherin, vimentin, and Snail) induced by TGE-
B (p = 0.0014). The levels of vimentin and Snail were reduced by compound 2 in the
TGEF-p-treated A549 cells. However, 3-catenin levels were not changed in the compounds
1-3-treated cells exposed or not exposed to TGF-3 (Figure 3B).

A TGF-B (5ng/ml) B TGF-B (Sng/ml)
Cont. 1 2 3 Cont. 1 %) &

p—Smad2/3 j x ”17 " LA] N-Cadherin | s S S s s
smad 273 D S e S S| Vimentin [ e o =
GAPDH Wi s S S s Snail

B-Catenin |G . - - —

15 4

1.0 4

p-Smad2/3/Smad2/3

0.5 4

Figure 3. Comparison of the protein expression profiles of A549 cells to determine the effect of the
treatment with compounds 1-3 (50 uM, respectively), via the Smad2/3 signaling pathway, on the TGF-
B-mediated EMT of the cells. (A) Phosphorylation of Smad2/3 was detected by Western blot analysis
and densitometry. Error bars denote SD from three independent replicates. (*) indicates statistical
significance (p < 0.05) when compared to control. (B) The levels of TGF-p-induced EMT-related
markers were determined by Western blotting.

3.4. Comparison of the Effects of the Compounds 1-3 (50 uM) on the Activity of MMP-2 in A549
Human Lung Carcinoma Cells, Tested Using Gelatin Zymography

MMP-2 is the main proteolytic collagenase among MMPs and plays a major role
in the invasion and metastasis of cancer cells. Therefore, we investigated the effects of
compounds 1-3 on MMP-2 activity. The 62-KDa form was identified as MMP-2. MMP-2
expression was increased by TGF-f stimulation. All cells treated with compounds 1-3
showed decreased MMP-2 activity compared to cells subjected to TGF-f3 treatment alone
(Figure 4).

101



Appl. Sci. 2021, 11, 8866

TGF-B (5 ng/mL)

Cont. 1 2 3

70Kda —> "
MMP-2

55Kda —>

Figure 4. Comparison of the effects of compounds 1-3 (50 M) on matrix metalloproteinase-2
(MMP-2) activity in A549 human lung carcinoma cells, tested using gelatin zymography. The cell
supernatants were harvested and concentrated by centrifugation using Amicon Ultra-4 centrifugal
filter devices. Clear bands represent gelatin-cleaved areas.

4. Discussion

EMT is induced by several signaling pathways, including transforming growth factor-
1 (TGE-p1), hypoxia, notch, and hedgehog [19]. In our study, EMT of human lung cancer
A549 cells was induced by TGF- 3. EMT is characterized by the loss of epithelial markers,
including vimentin, N-cadherin, fibronectin, and a-smooth muscle actin, and an increase in
mesenchymal markers [20]. Therefore, we analyzed the protein expression of mesenchymal
markers by immunoblotting. MMP-2 is a proteolytic enzyme that induces EMT by breaking
down the extracellular matrix of malignant cells [21]. In this study, MMP-2 activity was
evaluated using gelatin zymography.

Compound 1 is known to have diverse bioactivities, including antibacterial [22], anti-
fungal [23], antifouling [24], anti-biofilm activities [25], quorum sensing modulation [26,27],
inhibition of dengue virus replication [28], and induction of mitochondria-mediated apop-
tosis and tumor growth suppression [29]. Compound 2 was reported to have antifungal [30]
and quorum sensing inhibitory activities [26]. Compound 3 was reported to inhibit chy-
motrypsin A [31], increase the lifespan of Caenorhabditis elegans by SIR-2.1 induction [32],
and reverse the resistance of doxorubicin-resistant leukemia P388 cells [33]. However, the
EMT-related bioactivities of compounds 1-3 were not previously investigated. Compounds
1 and 3 downregulated MMP-2 through the inhibition of TGF-3-mediated phosphoryla-
tion of Smad2/3 in A549 cells. Compound 3 also reversed TGF-f-induced EMT markers,
N-cadherin, vimentin, and Snail. Although compound 2 exhibited activities through a
non-Smad-mediated signaling pathway, it attenuated TGF-f3-dependent induction of mes-
enchymal markers, such as vimentin and Snail. In addition, it modulated the expression
level of MMP-2 compared to that in the untreated controls in the A549 cell line. High MMP
expression is associated with tumor invasion and metastasis. The present study showed
that the increased expression of MMP-2 by TGE-3 treatment was inhibited by compounds
1-3 (Figure 5). Smad2/3 activated by TGF-f induction translocates to the nucleus, and
f-catenin might form a complex with active Smad2/3. The complex may interact with
various transcription factors and regulate EMT-related genes. Cyclo(L-Pro-L-Leu) (1) and
N-phenethylactamide (3) inhibited TGF-f3/Smad pathways and suppressed metastasis of
A549 cells by affecting TGF-p-induced EMT. However, cyclo(L-Pro-L-Ile) (2) downregu-
lated mesenchymal factors via a non-Smad-mediated signaling pathway. The chemical
investigation of Aquimarina sp. MCO085 led to the identification of two diketopiperazines
[cyclo(L-Pro-L-Leu) (1) and cyclo(L-Pro-L-Ile) (2)] and one N-phenethylacetamide (3), which
inhibit TGF-f-mediated EMT.
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Cyclo(L-Pro-L-lle) (2)

N-Phenethylacetamide (3) \
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Figure 5. Proposed mechanism of action of compounds 1-3 on TGF-f-induced EMT of A549 cells.

5. Conclusions

The chemical investigation of Aquimarina sp. MCO85 led to the isolation of compounds
1-3, which suppressed TGF-B-induced EMT of A549 human lung cancer cells. Cyclo(L-Pro-
L-Leu) (1) and N-phenethylactamide (3) inhibited TGF-f3/Smad pathways and suppressed
the metastasis of A549 cells by affecting TGF-3-induced EMT. However, cyclo (L-Pro-L-Ile)
(2) downregulated mesenchymal factors via a non-Smad-mediated signaling pathway.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/app11198866/s1, Figure S1: LR-ESI-MS data of 1; Figure S2: "H NMR spectrum (250 MHz) of 1
in DMSO-dg; Figure S3: 13C NMR (63 MHz) spectrum of 1 in DMSO-d; Figure S4: HMQC spectrum
of 1 in DMSO-dy; Figure S5: HMBC spectrum of 1 in DMSO-dg; Figure S6: 'H NMR spectrum
(600 MHz) of 1 in CD;0D; Figure S7: 13C NMR (150 MHz) spectrum of 1 in CD30D; Figure S8: C3
Marfey’s analysis of 1; Figure S9: LR-ESI-MS data of 2; Figure $10: "H NMR spectrum (250 MHz)
of 2 in CD30D; Figure S11: 3C NMR (63 MHz) spectrum of 2 in CD;0D; Figure S12: C3 Marfey’s
analysis of 2; Figure S13: LR-ESI-MS data of 3; Figure S14: 'H NMR spectrum (250 MHz) of 3 in
CDCl3; Figure S15: 1>C NMR (63 MHz) spectrum of 3 in CDCls.
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